AD- A 194  694  flit  CUN 


AGARD-CP-419 


•  A 


A  ■  v,  KiiSP-; 

«« 

■  i: 


,j  AH)'!:  \  ill  v';  1  /i!'V,!.r< 

/ 


/ 


AGARD  CONFERENCE  PROCEEDINGS  No.419 

Scattering  and  Propagation  in 

Random  Media  q q 

St^»_ECTEC 

MAY  3  1  1988| 

I 

I 

Distribution  Unlimited  D 


■  in;  ••rv'.'AM!n\ 


> 


DISTRIBUTION  AND  AVAILABILITY 

ON  BACK  COVER  w  _ 

B8  5  27  01  0 


AG  ARD-CP-4 1 9 


NORTH  ATLANTIC  TREATY  ORGANIZATION 
ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  AND  DEVELOPMENT 
(ORGANISATION  DU  TRAITE  DE  L’ATLANTIQUE  NORD) 


AGARD  Conference  Proceedings  No.419 

SCATTERING  AND  PROPAGATION  IN  RANDOM  MEDIA 


Papers  presented  at  the  Electromagnetic  Wave  Propagation  Panel  Specialists’  Meeting  held  in 

Rome,  Italy,  18—22  May  1987. 


THE  MISSION  OF  AGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in 
the  fields  of  science  and  technology  relating  to  aeri  '■■pace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community; 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research 
and  development  (with  particular  regard  to  its  military  application); 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

—  Exchange  of  scientific  and  technical  information; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of 
experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through 
the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  content  of  this  publication  has  been  reproduced 
directly  from  material  supplied  by  AGARD  or  the  authors. 


Published  March  1988 

Copyright  C  AGARD  1988 
All  Rights  Reserved 

ISBN  92-885-0444-5 


Primed  by  Specialised  Priming  Service  Limited 
40  Chigwell  Lane,  Loughton,  Essex  IG10  3TZ 


ii 


THEME 


The  topic  of  scattering  and  propagation  in  random  media  is  one  that  has  implications  for  the  design,  development  and 
operation  of  most  military  systems  that  radiate  energy  as  a  means  of  accomplishing  their  function.  Primary  emphasis  was  on 
scattering  and  transmission  in  the  atmosphere;  however,  other  related  random  medium  effects  were  not  excluded. 

The  meeting  covered  modem  methods  of  characterizing  random  media,  mathematical  methods  and  their  applicability, 
effects  on  electromagnetic  waves  and  the  interpretation  of  these  effects  to  specific  system  applications. 

The  region  of  the  spectrum  considered  was  essentially  unlimited  and  ranged  from  very  tong  waves  to  optics. 

The  performance  of  existing  surveillance  communication  and  navigation  systems  as  well  as  the  design  of  future  systems  is 
influenced  by  the  propagation  of  energy  via  random  media.  An  understanding  of  the  nature  of  the  medium  and  its  impact  on 
system  design  and  performance  is  essential  to  the  NATO  community. 


La  diffusion  et  la  propagation  des  ondes  dans  un  milieu  aleatoire  est  un  sujet  interessant  la  conception,  le  dlveloppement 
et  le  fonctionnement  de  la  plupart  des  systbmes  militaires  qui  emettent  de  I’energie  pour  accompli r  leur  fonction.  On  a  etudie 
principalement  la  diffusion  et  la  transmission  dans  l’atmosphere;  mais  les  effets  dans  d'autres  milieux  ateatoires  ne  furent  pas 
exclus. 

La  reunion  a  couvert  les  m&hodes  modemes  de  caracririsation  des  milieux  aleatoires,  les  methodes  mathematiques  et 
leurs  domaines  d'application,  les  effets  sur  les  ondes  electromagnetiques  et  I'mterpr&ation  de  ces  effets  pour  des  applications 
de  syst&mes  spccifiques. 

L'intervalle  du  spectre  etudie  n’est  pratiquement  pas  limite  et  va  des  ondes  ties  longues  aux  ondes  lumineuses. 

Les  performances  des  systemes  actuels  de  surveillance,  de  communication  et  de  navigation,  ainsi  que  la  conception  des 
foturs  systemes,  dependent  de  la  propagation  de  I’energie  it  travers  un  milieu  aleatoire,  et  ('influence  de  celle-ci  sur  la 
conception  et  les  performances  d’un  systeme  presente  une  importance  essentielle  pour  1’OTAN. 
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EDITOR'S  COMM  ENTS 


The  subject  of  wave  scattering  end  propagation  In  random  me  lie  is  old.  It  cen  be  traced  beck  et  least  to  the  time  of 
Rayleigh  in  1892.  Over  this  long  period  of  nearly  one  hundred  yews,  there  have  been  periodic  revivals  of  interest  in  this  field. 
The  continued  interest  in  this  subject  matter  stems  from  the  realize tim  that  the  propagation  medium  occurring  naturally  is 
invariably  highly  complex  and  a  possible  and  successful  tray  of  describing  such  a  complex  medium  is  to  apply  notions  of  the 
stochastic  theory.  Recent  impetus  on  investigations  of  such  problems  comes  from  remote  sensing  and  communications.  It  is 
therefore  felt  useful  for  AGARD  to  revisit  this  area  and  to  have  on  rec  trd  the  moat  up-to-date  inforatation. 

The  response  to  the  Call  for  Papers  was  overwhelming.  The  papers  covered  a  wide  spectrum  of  random  media,  such  as 
rough  surfaces,  forest,  atmospheric  turbulence  and  precipitation,  ocean  environment,  ionosphere  and  Interplanetary  shocks.  In 
over  forty  papers  presented  at  the  meeting,  their  effects  on  waves  were  discussed  and  investigated.  The  frequency  at  which  the 
effects  were  reported  sms  as  low  as  300  kHz  or  as  high  as  optical  frequencies,  and  in  many  cases  at  some  frequency  between 
these  two  extremes.  The  papers  were  organized  into  nine  sessions,  lasting  four  and  one-half  days. 

The  papers  appearing  in  these  proceedings  have  been  printed  by  a  photographic  process  from  camera-ready  manuscripts 
supplied  by  each  author.  The  questions  and  answers  on  each  paper  were  prepared  in  written  form  by  the  discussers  involved. 
Some  minor  editing  has  been  made  for  clarity  and  uniformity.  I  apologize  to  some  discussers  for  making  these  minor  revisions 
without  first  obtaining  their  approval. 

Considerable  help  from  members  of  the  Technical  Progiumme  Committee  has  been  provided.  I  want  especially  to  thank 
Dr  Barry  Cadnski  of  the  United  Kingdom  and  Dr  Walter  A  .Flood  of  the  United  States  for  their  assistance.  Each  Session 
Chairman  was  asked  to  prepare  a  summary  of  papers  presented  in  his  session.  I  would  like  to  thank  them  all,  not  only  for 
keeping  the  presentations  running  at  *  smooth  pice,  but  also  for  their  cooperation  in  writing  ihe  summaries.  Dr  L.B.Fdscn  has 
agreed  to  have  his  piece  "Randomized,  Yet  Civilized"  included  in  these  proceedings.  He  has  expressed  well  the  sentiments  of  all 
participants  toward  our  Italian  hosts. 

These  proceedings  are  a  record  of  this  symposium.  I  would  like  to  thank  ail  the  participants,  many  of  them  very 
distinguished,  for  making  it  a  success.  It  is  a  pleasure  to  acknowledge  the  interest  and  support  of  the  EPP  Chairman  and  Deputy 
Chairman.  The  EPP  Executive  and  his  staff  have  been  most  helpful.  At  Illinois,  Mrs  Selva  Edwards  has  assisted  me  in  editorial 
matters  and  Mr  Jean-Frederic  Wagen  has  helped  on  language  matters. 


Urbans,  Illinois 
September,  1987 


K.C.Ych 


RANDOMIZED,  yet  CIVILIZED 

by 

UBFrisen 


Wave*  travel  hare,  wave*  travel  there. 

Some  travel  to,  *om*  travel  fro. 

The  EM  Propagation  Panei 

It  much  concerned  where  theae  wave*  go. 

Since  AOARD  it  In  NATOY  foM, 

Its  meetin|»  move  from  state  to  ttate. 

Their  route  ir  thit  way  simulate* 

The  path*  or  which  waves  propagate, 

Paths  can  be  straight,  they  «••»**  curved, 

Yet  start  and  end  are  well  in  hand. 

Choosing  the  meednf  site  this  way. 
Permits  the  sequence  to  be  planned. 

But  this  Spring’s  Mooting,  one  may  note. 
Has  propagation  nutdomM. 

Has  impact  on  the  meeting  site 

From  this  been  h»Uy  realised? 

The  ones  who  with  this  problem  coped 

Are  our  kind  Italian  friends. 

just  how  they  reasoned  their  way  through 

May  indicate  new  luture  trends. 

They  chose  Hotel  sites  inside  Rome, 

But  this  is  far  from  where  we  meet. 

Yet  both  locales  are  really  close 
By  rationale  that's  hard  to  beat. 

Ingenious  concepts,  as  is  known. 

Provide  the  I  atin  Logic's  strength: 

You  can  relate  two  distant  points 
By  stretching  correlation  length. 

That’s  what  was  done.  Statistics  helped 
To  implement  this  clever  scheme. 

Thus,  the  logistics  as  arranged 
Accommodate  the  random  theme. 

Within  this  framework,  all  runs  well. 
Pteh  bus  trip  the  ensemble  fills. 

Each  sample  follows  strict  routine. 
Which  military  thought  instills. 

Vigna  de  Valle  -  outside  Rome  - 
Here  nature  offers  views  serene. 

Gone  is  polluted  city  air. 

What  we  breathe  in  is  fresh  and  clean. 


History  slso  gets  its  due 
From  aviation's  early  days. 

In  the  museum,  we  observe 
Old  planes  and  pilot*’  cocky  ways? 

The  Air  Force  has  its  discipline. 

Yet,  there  is  also  grace  and  charm 

In  typically  Italian  style, 

Which  does  rigidity  disarm. 


t 


So  Set  us  thank  our  Air  Force  hosts 
For  havinf  welcomed  us  on  base. 

For  having  bent  established  rules 
To  cater  to  civilian  ways. 

You  have  prepared  a  banquet  feast 
With  choice  of  dehcacies  vast. 

We  put  our  diet  plans  aside 
And  tasted  all  from  first  to  last. 

Your  hospitality  has  launched 
The  meeting  to  a  splendid  start. 

It  all  bodes  well  for  what's  tw  come 
Before,  at  last,  we  all  depart. 

The  AGARD  spirit  has  prevailed. 

Let  us  salute  you.  You  vc  been  kind. 

We've  come  from  many  different  lands. 

Yet  friendship  here  is  what  we  fiiid. 

viRAZIE 

Presented  at  the  banquet  on  the  first  day  of  the  Electromagnetic  Wave  Propagation  Panel  on  “Scattering  and  Propagation 
in  Random  Media”  held  in  Rome.  Italy,  from  18—22  May  If 87. 
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SUMMARY  OF  SESSION  I 
GENERAL 

by 

A.N.Ince,  Session  Chairman 
(The  following  material  was  supplied  by  the  Editor) 


This  session  contains  three  papers.  The  first  paper  (by  Crosignani  and  Di  Porto)  is  concerned  with  the  depolarization  of  a 
vector  wave  propagating  in  a  random  continuum.  The  problem  is  formulated  by  means  of  the  coupled-mode  theory.  The 
dcp  irization  ratio  of  an  initially  linearly  polarized  wave  has  been  obtained  for  the  case  of  a  Gaussian  correlation.  It  is  very 
small  in  the  terrestrial  atmosphere. 

In  the  second  paper,  lshimaru  and  Kuga  review  the  phenomenon  of  backscattering  enhancement  and  the  imaging  through 
a  random  medium.  The  backscattering  enhancement  is  shown  to  be  related  to  the  weak  Anderson  localization  in  the  study  of 
transport  of  electrons  in  strongly  disordered  material.  They  first  review  the  experimental  results  and  then  propose  a  diffusion 
theory  which  predicts  an  angular  width  that  is  in  agreement  with  experimental  observations.  The  image  transmission 
characteristics  are  expressed  by  the  modulation  transfer  function.  Under  the  small-angle  approximation,  the  agreement 
between  theory  and  experiment  has  been  obtained. 

A  general  mathematical  framework  in  treating  the  problem  of  reflection,  diffraction  and  scattering  that  can  occur  in  a 
random  medium  is  constructed  by  Mazer  and  Felsen  (the  third  paper)  under  the  high  frequency  approximation.  The  major 
building  block  in  this  construction  is  the  propagator  which  is  provided  by  the  geometrical  theory  of  diffraction.  The  two-point 
coherence  function  is  obtained  formally  for  some  general  problems. 
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BONHARY 


Tha  problem  of  light  dapolarication  in  a  turbulant  ataoaphara  ia  revisited  by  naans 
of  coupled-mode  theory,1  This  allows  in  particular  to  avaluats  tha  dapolarisation  ratio 
for  a  plana  Wave  and  to  eonpara  its  axprassion  with  tha  ona  obtained  in  tha  fraaa  of  two 
distinct  approaches  predicting  diffarant  behaviors.2'3 


1.  INTRODUCTION 

Tha  analysis  of  dapolarisation  lnducad  on  a  light  bean  propagating  in  a  turbulent 
nadiun  has  bean  tha  object  of  theoretical  and  axparinantal  investigation  about  twenty 
yaars  ago.  since  than,  tha  subject  has  racaivad  little  attention,  also  in  view  of  the 
fact  that  dapolarisation  effects  turn  out  to  ba  axtreaaly  snail  for  tha  relevant  case  of 
terrestrial  ataoaphara.  However,  this  topic  has  never  bean  completely  clarified  fron  a 
theoretical  point  of  view,  since  the  two  employed  approaches2,3  give  rise  to  coapletely 
different  expressions  for  tha  dapolarisation  ratio  as  a  function  of  the  physical  para_ 
asters  of  the  problaa  (path  length,  wavelength,  and  refractive-index  fluctuations) .  while 
Ref. 2  hinges  upon  a  direct  generalisation  of  the  simple  physical  model  first  Introduced 
by  Hodara*  in  the  frame  of  geometrical  optics,  in  Ref. 3  the  calculations  are  based  on 
Rytov’s  method.  In  order  to  tattle  the  argument,  we  have  reconsidered  the  problaa  by 
adopting  a  third  procedure  which  takes  advantage  of  coupled-mode  theory,  a  formalism  we 
have  already  employed  to  describe  propagation  of  a  scalar  field  In  a  turbulent  medium. 5 
In  particular,  our  approach,  which  generalises  the  scalar  theory  developed  in  Ref. 5  to 
include  depolarisation  effects,  turns  out  to  provide  a  depolarisation  ratio  coincident 
with  that  worked  out  in  Ref. 2.  The  limits  of  validity  of  the  result  found  in  Ref. 3  are 
also  discussed  in  some  detail. 


2.  COUPLED- NODS  PORNALISM 

Let  us  assume  the  turbulent  medium  to  be  characterised  by  a  fluctuating  refractive 
index  of  tha  form 

n(x,y,s)  *  Dj  +  4n(x,y,s)  ,  (1) 

with  | dn | < < 1  (  n^s  l  and  |6n|a  10  6  for  terrestrial  atmosphere  >.  The  coupled-mode 
approach  consists  in  expanding  the  propagating  field  in  terms  of  the  modes  pertaining  to 
the  ideal  medium  characterised  by  n  »  nt  and  to  look  for  the  evolution  of  the  expansion 
coefficients  as  functions  of  the  s-coordinate  coinciding  with  the  (average)  propagation 
direction.  This  can  be  formalised^  by  introducing  the  ideal  modes 

R(£,lir)  -  Nj exp (-!£•£) {2  -  («x/B?)f)  , 

R(£,2»r)  •  NJexp(-i£-r){(«j[«y/8?)*  -  <8^  +  +  tyB)  .  (2) 

2  2  ) 

where  r  •  (x,y) ,  B  ■  (k  -C  )  with  k-2»/l«wn  /c  ,  the  transverse  wave-vector  £  is 
restricted  to  0<£<k'and  1 

N1-(l/2s){8cuu0/(8^+5x) }*  ,  N2-(l/2s) (B*+tx) }l  .  (3) 

The  electric  field  it  then  expressed  ss 
2 

*(r,E,t)  -  l  J/d£  B(£,oir)c(£,0»s)exp(l<ft  -  IB  s) 
o-l  5 


(4) 
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where  the  expansion  coefficient*  e(£,o it)  obey  the  set  of  coupled  differential 
equation* 

SSu.o,*)  -  l  f/d£' U(£,oi£' ,o' is)exp{i(8,  -  8_,  )s/c(£’  ,o*  is)  }  , 

d* 

with 

,  , 

K(£,oi£*  ,o‘ is)  •  (ttt^/21)  Jfdr{n  (r,s)  -  Bj  )■*  (£, o i r)  *1  (£•  ,c'  1 r)  , 

—  SB 

whose  solution  is  equivalent  to  thet  of  Maxwell's  equations.  Fron  kqa.(5)  we  derive, 
by  aeans  of  standard  iteration  procedure, 

|j(ea(i,a,«)C*(£'  .2,,)}  -  |dx' JJd£«JJd£~  {.xpU(B{-  @5.)a  ♦  1(6^-  B£„,)«') 

{K  (£,  2 1£’,  2|  a )  K  (£*  ,  2  i  2  i  S*)  c  (£■’,  2 1  s')  c*  (£,  2 1  a1) 

+K (£«2 1£",  2}S)  K  (£"  ,2  i£*",  1 1  s')  c  (£"',  1 1*1?  c«  l£.2,m') 

+K (£,  2 1£",  li  S)K  (£"  ,  1 1£",  1  ;*')  c  <£•",  1 ; *•)  c»  (£, 2 1  *•) 
+K(£,2|£’,b*)K(£".li£"'.2|S')c(£'",2ia')  c*  (£,2|*1  ) 

+  expU(l>5-  8c.)s  -  l(Be,-8{.;*'} 

<K<£.2i£*,1is)K*  (£,  2 1 £"*,2 1  s')  c  (£"  ,2  ia*)  c*  (£m,  2  ia*) 

+K(£,2i£>,»a)K*  {£,  2  t  £"',  2  j  s')  c  (£"  ,  2  j  if)  c  *  (^'.lis1) 

+E  (£,  2 1£“,  lit)  K*  (£, 2  i£“, 2  i  s')  c  (£"  ,  2  ;  s')  c*  (£•", 2 , *1 
+E  (£ .  2 1  £",  li  s )  K*  <£,  2  ,  £"',  1 1  s')  c  (£"  ,  1 ,  f )  c*  <£**,  l  ,  tf)  )  J 


(5) 


(6) 


(7) 


+  complex  conjuqate  terns  with  the  substitution  £*■*■£'. 

If  we  now  aasune  the  field  to  be  initially  polarised  along  the  1-direction 
(practically  coincident  with  thu  x-direction)  and  take  advantage  of  the  snail  depolarisation 
induced  by  the  atnosphere,  we  can  neglect  on  the  ".B.S.  of  Eq.(7)  all  the  terns  but  the 
one  containing  c (£" ,  1 1*') c*  (£"*,  1 1 aO  .  By  taking  tha  *-  lenble  average  of  the  resulting 
equation  over  the  possible  realisations  of  tha  ayaten,  we  obtain,  under  the  hypothesis  of 
negligible  variation  of  <c  (£"  ,  1  is ' )  c*  (£*',  1 1  x  ' )  >  over  a  scale  of  tha  order  of  the  correlation 
length  of  the  refractive  index  fluctuations, 

Jj-<c(£.2,a)cM£',2|X>>  -  /dx  •  JJd£"  j  Jd£”  <K  (£,  2 1£"  ,  1 1  a)  K*  (£'  ,2  ,£”'  ,1|*')> 

0 


(8) 


*  <e  (£"  ,  1 1  a  ‘ )  c*  (£"'  ,!,*•)> 
x  e,jU(f{-  S?.)«  -  i(Be,-  BCJ*’) 

+  c.c.  with  the  substitution  £  ♦♦£'. 

If  wa  asauna  <c  (£“ ,  1  >  s  ' )  c»  (£**  ,  lt,s')>  to  ba  given  (due  to  aaall  depolarisation),  by 
tha  expression  already  worked  out  for  a  linearly  polarised  field,5  Kq.(8)  can  be  directly 
integrated.  Tha  aaount  of  power  transferred  to  the  y-polariaed  conponent  ia  then  evaluated 

aa5 

<|  I  <r  ,s,t)  |  2>  -  — — —  J Jd£  J Jd£'exp{ i  (£'  -£)•£+  18  s  -  IS  a) <e  (£, 2  is)  c«  (£'  ,2  is)  > . 


<2w) 


3.  EVALUATION  OF  TEE  DEPOLARISATION  RATIO 


(9) 


Let  us  firat  evaluate  the  expression  of  <E(£,2|£"  ,  lis)K*  (£'  |2  ,£"'  ,lis')>  appearing 
in  Eq.  (8) ,  Recalling  Eq.(6),  wa  have 


Mcwii  iaaiHuiaci 
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a  *m 

*<£»*»£*>  »»«>  “  -Uk/4a  B->  |/dr«*p(i(i-i")-r)(C*C“/et.  -  €  CV6-)  4n(r ,.)  ,  (10) 

»  -  «•  x  y  s  *  y  > 

2  2  2  2 

where  w«  have  written,  according  to  lq.(l),  n  -nj»2njBn  and  n^/n  »1,  ao  that 

/Ki.lliMii'llMIMli"  » 1  »a") >  -  Ot!/4«aB5BEI>  -  t^tJ/B^) 

*  Ux(y/B("  '  £i?y  /#{.,4<i>  ‘£-I*+£"  -£,)o<£,-£*.l«,-«*l> 

(11) 

(2) 

where  6  la  tha  two-dlaenaional  delta-function  and 

,  +• 

0'£'-I".l*'-«"l)  -  »/«»*) /Jd^aaplKi'-i*)  •£.}<4ni£.,|i'-n*|)Bn(0,0>>  (12) 

—  da 

la  tha  apaelal  Fouriar  tranafora  of  tha  corralatlon  function  <Bn (£,a) in (r 1 ,a • ) >  of  tha 
refractive-index  fluctuationa  aaaoclatad  with  tha  turbulence  field,  aaauaad  to  ba  hoao_ 
ganaoua  and  laotroplc. 

Tha  oapraaalon  of  <c  {£* , 1 1«) e*  (£"  ,  1  »a)  >  can  ba  found  in  Ref.S  and  raada ,  for  an 
Incident  plana  wave 

<c(i"  #lft)e*  >  -  l*0|2«<2>  (I*-  Lm  )*A  •xp{-A(«"2+  €j2)/4)  ,  (13) 

with 


*  -  1/Da  ,  (14) 

l  2  2 

D  bain?  a  diffusion  coefficient  associated  with  the  presence  of  turbulence  <»n  k  < 6n  >/d)  . 

He  can  now  substitute  Bqa.(ll)  and  (13)  into  Bq.(8)#  integrate  over  s,  and  insert 
the  result  into  Bq.(9)p  thus  getting 


<  |B  <r,«,t)|S.  -£-|e  |V/dn'  fda* Jfd£/ fd£»  axp{l(B  -  B_.)  (**  -  «*>)—— 

2  **  0  0  0  E  5  Vr 

w;  ,  i  22 

*  {“T"*  -  )<3<£  *  |  a*-  i“| )— —  axp(-u;  +{’  )/4Da"}  . 


(IS) 


Equation  (IS)  can  ba  approxlaataly  revrlttar  aa 

<|E2(r,a.t)|^>-  — ^IBqI2^'  //diJ/d£«  r2(«;  -  V26(£  -  I’)~7  axp{- (t;2  +  5"2) /«Da'  ) , 

(16) 

whara 

•* 

G<£  -  £">  -  Jg(C  -  £M,  C)dC  »  (17) 

0 

having  taken  advantage  of  the  fact  that  G(£*  -  _€”#£)  is  a  short-range  correlation  function, 
which  goes  to  sero  for  C£d>>X  <d  being  of  the  order  of  Magnitude  of  the  typical  scale  of 
turbulence)  and  thatp  for  small  angular  divergence  of  the  beam,  6  *0  »k. 

The  integrals  appearing  in  Bq.(16)  can  be  performed  after  assuming  a  Gaussian  shape 
for  the  correlation  function  of  the  refractive-index  fluctuations ,  that  is 

<6n (£, ( ) 6n (Op 0) >  «  <6n*>axp{ - (p2*C2) /d* )  ,  (18) 

2  2 

thua  getting  for  tha  depolariaation  ratio  l|e<|B  |  > / 1  ®0 1  tha  final  axpraaaion 

R  •  2»<dn2>2  (aJ/dJ)  ,  (19) 

which  coincldaa  with  that  worked  out  In  Raf.2. 


4.  DISCUSSION 

2 

Tha  dependence  on  <6n  >,  a  and  d  furniahed  by  Bq.(19)  la  diffarant  fron  that  worked 
out  In  Ref. 3  which  raada 

R  -  4iti<4n2>(a/d)  (l/k2d2) 


(20) 


•lao  it,  lit  terrestrial  atmosphere,  both  approachaa  imply  an  aatraaalv  aaall  4apolari_ 
nation , 

In  order  to  aaplain  thin  discrepancy,  we  retort  to  tha  Lunaburg-Kllne  aayaptotle 
expansion6 7  In  1/k, 

ft- 

B(r,a)  Ik  axp(-ikS(r,s)  }£  I  <r,s)/(-ik  )"  ,  (21) 

those  aaro-tb  order  tara  eorrasponda  to  geometrical-optica  approxlaatlcn.  m  particular, 
tha  alkonal  8  and  obay  tha  ralatlona 

(VS)2  -  nj(r,a)  -  0  ,  (22) 

(VJ8  +  2VS»V)E  +  2(1  -Kin  n))7S  «  0  .  (23) 

— - 0  —0  —  — 

Slnca  Bq.(23)  doaa  not  contain  k  and,  for  lina-of-sight  propagation  of  an  initially 
plana  wave  8  la  a  raal  quantity,  tha  lowaat-ordar  aaplituda  doaa  not  contain  k  aithar, 
which  in  turn  iapliaa  (if  wa  naglact  S^/k  compared  to  eq)  a  dapolariaation  ratio  indepun_ 
dent  from  k,  in  agreement  with  our  result.  ' 

Conversely,  tha  raault  of  Raf.3  corraaponda  to  naglactlng  with  raapact  to  E^/k, 
which  in  fact  yialda  a  dapolariaation  ratio  proportional  to  l/k*7  aa  in  Bq.(20).  Tha  ranga 
of  validity  of  tha  two  approachaa  can  ba  aaaily  obtalnad  by  coaparing  tha  magnitude  of  tha 
two  dapolariaation  ration.  By  doing  thia,  it  la  immediate  to  chack  that  our  raault  la 

valid  for  travalad  diatancaa  a  larger  than  tha  langth  a  given  by 

c 

*c  *  ~T~3  1~  •  <24) 

*  <6n  >k  d 

2  -12 

For  typical  valuaa  of  tha  turbulanca  paraaatara  (<6n  >  »  10  and  d  of  tha  ordar  of 
faw  cantiaatara) ,  a  turna  out  to  ba,  at  optical  fraquanciaa  (k  »105  ca"'),ol  the  ordar 
of  1  natar. 

5.  CONCLUSIONS 

We  have  developad  a  formalism  which,  aa  a  ganaraliaation  of  a  pravioua  ona  baaad  on 
coupled-mode  thaory  and  daaling  with  scalar  propagation  in  a  turbulant  medium,  allowa  ua 
to  daacriba  vector  propagation.  In  particular,  our  method  la  employad  to  evaluate  the  de__ 
polarisation  undergone  by  an  initially  linearly  polarised  plane  wave  and  to  compare  tha 
correaponding  depolarisation  ratio  with  the  raaulta  worked  out  in  tha  frame  of  other 
approachaa.  Also  if  the  depolarisation  af facta  are  in  practice  very  email,  thia  compariaon 
turna  out  to  ba  vary  useful  for  checking  tha  range  of  validity  of  tha  different  approachaa, 
raapactivaly  baaad  on  Rytov'a  method  and  coupled-mode  thaory.  While  in  the  scalar  case  tha 
two  foraaliams  yield  tha  same  results,  in  tha  vector  case  they  poaaesa  different  ranges  of 
validity  according  to  tha  relevant  propagation  parameters. 
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I.N.  Bes laris,  US 

You  showed  an  aquation  for  tha  eorralation  function  of  tha  coupling 
coafflclanta.  if  I  haard  you  correctly,  you  referred  to  that 
aquation  aa  an  sxact  one.  Would  you  pleaaa  coaaant  on  the  validity 
of  your  statemntf 

Author'*  Reply 

Tha  aquation  la  an  approximate  on* ,  tha  approximation  basically 
conaiating  of  1)  assuming  tha  evolution  of  tha  strong  polarisation 
component  to  be  that  deacribed  by  scalar  theory,  and  2)  assuming 
negligible  variation  of  tha  correlation  function  of  the  coupling 
coefficients  over  a  scale  of  the  order  of  d. 

L.B.  Falsen,  US 

You  say  that  you  know  tha  result  from  Strohbehn  and  Clifford  by 
assuming  that  tha  second  term  in  tha  Luna berg- Kline  asymptotic 
expansion  overpowers  tha  leading  tarn.  But  this  contradicts  the 
concept  of  asymptotic  expansions.  Can  you  explain? 

Author's  Reply 

It  turns  out  that  there  are  actually  two  smallness  parameters,  that 
is  (1/kd)  and  <4uZ>.  The  sero-ordar  term  in  (1/kd)  of  the  L-K 
asymptotic  expansion  is  actually  of  the  order  <6uz>z  while  E,  is  of 
the  order  <4uZ>,  so  that  there  la  a  range  of  values  of  (1/kd)  and 
<6uZ>  over  which  E^/k  can  become  larger  than  E<).  Our  result  is  valid 
for  (1/kd)  +  0  and  is  of  the  order  <4uZ>Z;  tha  Strohbehn  and  Clifford 
result  is  valid  to  the  order  <6uZ>  only,  and  therefore  gives  a  aero 
depolarisation  for  (1/kd)  ♦  0. 
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SUMMARY 

Milan  a  wave  la  Incident  on  a  danaa  distribution  of  dlsai-ata  sostterara, 
turbulent  aadla,  or  rough  surfsoaa,  the  baokaoattarlng  la  anhanoad  under 
oartaln  conditions  giving  a  sharp  peak  In  tha  backward  diraotlon.  Me  show 
experimentally  and  thaoratloally  that  tha  angular  width  of  tha  peak  la  related 
to  tha  transport  ooaffiolant  and  that  tha  anhanoaaant  la  oauaad  by  tha 
oonatruotlve  lntarfarenoa  of  two  waves  traveling  through  tha  aaaa  parttolas  In 
opposite  dlreotlona.  This  phenomenon  la  identified  as  the  weak  Anderson 
localisation.  Tha  baokaoattarlng  anhanoaaant  oan  ooour  froa  turbulenoe  or 
rough  surfaoes  whloh  are  oauaad  by  several  aaohanlsaa.  A  aaasura  of  the 
quality  of  the  Image  transmission  la  expressed  by  tha  modulation  transfer 
funetlon  (MTF).  Ha  show  experimental  and  thaoratloal  studlaa  on  MTF  and 
speokle  lntarfaroaatry  based  on  tha  fourth  order  and  short -exposure  MTF  whloh 
oan  produoe  dlffraotion-lialted  images  through  randon  seatterers. 


1.  INTRODUCTION 

It  has  been  known  that  the  baokaoattarlng  froa  several  aedia  and  surfaoes 
exhibits  a  strong  enhancement  with  a  sharp  peak  In  the  baokward  diraotlon 
C1J-C3].  In  198k  we  reported  on  an  optical  experiment  whloh  shows  this 
enhancement  [A].  Subsequently,  we  reported  on  the  thaoratloal  explanation  that 
the  enhancement  la  oaused  by  the  constructive  Interferenoe  of  two  waves 
traversing  through  the  same  part  Idas  in  opposite  directions  [5].  This  idea  is 
consistent  with  our  earlier  crude  explanation  (Reference  1,  p.  312).  He  have 
also  reported  on  the  depolarisation  experlaent  and  further  thaoratloal  studies 
[6]-[8].  Heanuhlle,  physio  lata  have  reoognlsad  that  the  transport  or  electrons 
In  a  strongly  disordered  material  Is  governed  by  multiple  scattering  and  that 
multiple  scattering  leads  to  "weak  Anderson  localisation"  oaused  by  "ooherent 
baoksoatterlng"  [9j,[lO].  it  la  then  shown  that  both  electron  localisation  in 
disordered  material  and  photon  localisation  In  disordered  dleleotrios  are 
governed  by  ooherent  baoksoatterlng  whloh  Is  oaused  by  the  constructive 
interferenoe  of  two  waves  traversing  In  opposite  dlreotlona.  Our  experimental 
work  in  198k  was  followed  by  several  Independent  optioal  experlaenta  showing 
that  the  baoksoatterlng  enhancement  Is  a  weak  localisation  phenomenon 
[11], [12], [13].  Theoretloal  studies  on  the  baoksoatterlng  enhancement  by  rough 
surfaoes  [lk]-[i6]  and  some  experimental  studies  [17]  have  been  reported.  In 
this  paper,  we  present  experimental  work  on  baokseattering  enhancement  and  a 
theory  bat  id  on  diffusion  approximation  [1].  He  also  present  our  reoent 
experimental  and  theoretloal  studies  on  Image  transmission  through  dlsorete 
seatterers  [18],  whloh  heve  attracted  considerable  attention  In  reoent  years 
[ lf']-[2l] .  He  will  also  show  our  reoent  study  on  the  use  of  speokle 
interferometry  for  Imaging  through  soatterers  which  nay  give  Improved 
resolution. 

2.  EXPERIMENTAL  RESULTS  ON  BACKSCATTERINQ  ENHANCEMENT 

Our  experiments  are  described  In  our  paper  [t]  and  are  given  below  The 
experimental  setup  la  shown  In  Fig.  1.  A  Ha -Ns  laser  with  an  expanded  bean 
diameter  of  30  mm  la  used  as  the  light  souroe.  The  bean  splitter  (BS)  refleots 
approximately  25*  of  the  Inoldent  beam,  and  this  reflected  beam  has  fine 
Interference  patterns  beoause  of  the  surfaoe  ooatlng  of  the  BS.  In  order  to 
eliminate  the  effect  of  the  Interferenoe  patterns,  the  Incident-beam  diameter 
and  the  input  aperture  of  the  deteotor  are  adjusted  to  be  muoh  larger  than  the 
apaolng  of  the  Interferenoe  patterne. 

The  transmlttanoe  of  the  BS  varies  at  different  angles  if  the  been  Is 
linearly  polarised.  However,  If  the  Inoldent  bean  Is  oiroularly  polarised,  the 
transmlttanoe  beoomea  almost  oonstant  within  about  60*  measured  from  the  normal 
diraotlon  of  the  BS.  Therefore  the  phase  of  the  incident  beam  is  adjusted  such 
that  the  bean  at  the  speotrophotoneter  cell  (SC)  Is  circularly  polarised.  This 
ensures  that  the  baoksouttered  light,  whloh  may  retain  a  part  of  the  Inoldent 
polarisation,  reoelves  the  same  attenuation  when  it  goes  through  the  BS  at 
different  angles. 


Tha  dataotor,  whioh  oonalata  of  a  5-aa-lnput  aperture,  «  lens,  and  a 
100-wa-oore  optloal-flber  oablt,  haft  a  f laid  of  view  (POV)  of  0.195*,  and  it  la 
aounted  on  the  ooaputer-oont roiled  rotational  atata.  Tha  light  output  of  tha 
optloal-fibrr  oabla  la  foouaad  onto  a  lou-nolaa  photodiode. 

Uni  fora  lataa  nloro  spheres  aar.ufaoturad  bp  Dow  Cbaalaal  ara  uaod  aa 
aoattararai  they  are  suspended  in  an  ac  with  a  50-aa  dlaaatar.  Tha  path  lanath 
of  tha  SC  la  althar  10  or  20  aa,  depending  on  tha  density.  In  ordar  to 

alnlalaa  tha  raflaotlon  froa  tha  SC  tlaaa  wall,  tha  SC  la  tlltad  about  5*  froa 
tha  vertical  dlraotlon.  Tha  nolaa  level  froa  tha  watar-flllad  3C  la  laaa  than 
-75  US  at  all  angles. 

At  tha  baglnning  of  tha  axparlaant,  tha  SC  la  rtllad  with  datonlaad  watar, 
and  than  tha  dataotor  la  aoved  to  poaltlon  A  In  Pit.  1.  Thla  output  la  uaad  aa 
a  rafaranoa,  and  aaoh  aaaauraaant  la  noraallaad  by  thla  value.  Than  tha 
dataotor  la  aovad  to  S3  •  -10*.  and  tha  baokaoattarad  intanaity  la  aaaaurad 

froa  -  -10*  to  50*  at  0.1*,  0.2*,  or  0.5*  Intervals,  depending  on  tha 
poaltlon  of  tha  dataotor.  Baoauaa  of  tha  dtffaranoa  batwaan  tha  tndloaa  or 
rafraotlon  of  watar  and  of  air,  tha  antla  #1  lnalda  tha  SC  la  laaa  than  tha 
aoan  angla  *3.  Tharafora  tha  aoan  ranta  froa  (j  -  -io*  to  50*  oorraaponda  to 
Sj  froa  -7.5®  to  35*. 

Slnoa  tha  lnoidont-baaa  dlaaatar  la  larger  than  tha  Input  apartura  of  tha 
dataotor,  tha  araa  that  tha  dataotor  aaaa  ehansaa  by  l/eoe(a,)  aa  tha  dataotor 
novaa.  Tharafora,  If  a  aadlua  la  a  parfaot  dlffuaar  and  If Jthe  lnoldant  baaa 
la  unlfora,  tha  output  of  tha  dataotor  ahould  ba  oonatant.  ixoept  for  tha 
aharp  peak  around  a,  -  0*,  tha  baokaoattarad  Intanaity  froa  a  danaa  aolutlon  of 
aaall  partiolaa  la  oloae  to  a  oonatant  within  tha  angla  of  -7.5*  to  8*. 

Experimental  raaulta  ara  shown  within  tha  angla  of  -7.5*  to  8*.  Pig.  2 
shows  tha  experimental  data  for  a  partlola  alta  or  1.101  ,ia.  Tha  data  ara 
obtalnad  for  four  dlffarant  partlola  alaaa  ranging  froa  an  average  dlaaatar  of 
0.091  to  5.7  wa  and  at  laaat  savtn  dlffarant  danaltlaa,  up  to  top  in  aoaa 
oasas.  In  all  oaaaa,  tha  paak  of  tha  raflaotivlty  at  0*  la  obaarvad  at  high 
danaltlaa,  and  wa  found  tha  following  raaulta i  (1)  whan  tha  partlola  alia  la 
aaallar  than  the  wavelength  (XH  •  0.175  wa  In  watar),  tha  paak  at  0*  la  aaall 

and  appaara  at  danaltlaa  higher  than  a  few  peroentt  (2)  whan  the  partlola  alia 
la  2-A  tlaaa  greater  than  X^,  a  aharp  paak  appaara  at  0*.  and  It  baooaaa  larger 

aa  tha  danalty  lnoreasest  and  (3)  whan  tha  particle  alia  la  aany  tlaaa  greater 
than  1",  tha  affaot  of  the  Hie-aoatterlng  pattern  baooaaa  apparent  avan  In  a 

danaa  aadlua,  and  tha  aharp  paak  at  o*  la  aupariapoaad  upon  tha  Hle-aoatterlng 
pattern. 


3.  THEORY  OP  BACKSCATTRRINQ  ENHANCEMENT  BASED  ON  DXPPU3I0N  THEORY 

bat  ua  oonaldar  a  plana  wave  noraally  lnoldant  on  a  aeal-lnrinlte  randoa 
aadlua  aa  ahown  In  Figure  3>  Tha  obaarvad  aoattarad  wave  oonalata  or  tha 
flrat-order  aoattering  I,  and  tha  multiple  aoattarlng  I  .  The  flrat-ordar 
aoattarlng  I.  la  created ''by  tha  reduoed  lnoldant  Intanaity,  attanuatad  through 
tha  aadlua,  and  obaarvad  outalda  tha  aadlua.  Tha  aultlpie  aoattarlng  tara  I 
oontaina  all  ordara  of  the  aoattarlng  lnalda  the  aadlua  lnoludlng  tha 
first-order  aoattarlng  and  thla  la  approilaatad  by  the  diffusion  approxlaatlon. 
Tharafora  thla  tara  lnalda  tha  aadlua  ahould  ba  valid  far  froa  tha  lnoldant 
wave. 


Tha  reduoed  lnoldant  apaolflo  Intensity  la  given  by  (sea  Ref.  1,  p.  181) 

Ipl(a»)  -  I0  e*p(-pota')  S(w  -  wt)  .  (1) 

Tha  flrat-ordar  aoattarlng  apaolflo  Intanaity  and  tha  blstatlo  oroaa  saotlon 
o°  par  unit  araa  of  tha  randoa  aadlua  (blstatlo  aoattarlng  ooaffloiant)  la 
given  by 

*  -j-4-  *  p(*,0)  ,  w  •  ooa  •  ,  (2) 

where  p(S,0)  la  tha  phase  funotlon  in  tha  dlraotlon  of  •  aaaaurad  froa  tha 
backward  dlraotlon  whan  tha  lnoldant  wave  la  In  the  dlraotlon  a.  (See  Pig.  3.) 

Next  oonaldar  the  aultlpie  aoattarlng  1^.  Thla  oonalata  or  two  taraa 
and  Xgg.  One  oorraaponda  to  tha  wave  aultiply-soattered  through  aany 
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part  tola*.  Thla  la  aiao  oallad  tha  laddar  tara.  v*  daaorlba  fchla  ua»a  ty  tha 
dlffualon  approximation,  h«  urltw  tha  blatatlo  oroaa  aaotlen  par  unit  araa  of 
tha  random  aadlua  (blatatlo  aoattorlne  oroca  ooafflolant)  a^  aa  rollout i 

'■1  *  j  «V  •  (J) 

-  -  -P8.1/M 

t  •  pa,(u  -  TO*a]  •  *  , 

uhara  it  la  tha  Man  ooalna  of  tha  aoattarlng  angla ,  «tpla  tha  tranaport  oroaa 
aaotlon  of  a  alngia  part lola >  and  a  la  tha  unit  vaotor  in  tha  aoattarlng 
dlraotlon. 

•tp  -  at(l  -  W05)  .  (R) 

uhara  VQ  -  o#/ot  la  tha  aihado  of  a  alnglt  part  tola. 

Tha  runotlon  U  la  (Ivan  bp 

U  •  |  di'0(p,f ti')Q(a')  ♦  0(p,ito)Q1(o)  ,  (5) 

I 

Q(a')  •  3p«#(p«tp  ♦  P«t5]  if  a*p(-pot«')  , 


Qraan'a  runotlon  Q  la  jiva*  by  (Raf.  1,  p.  18R) 

•  •  fc  J’  ¥  v»>  *  S3  .-’(••*'>]  . 

uhara  T*  -  1*  ♦  kd*.  Now  wa  nota  that  tha  lntagral  in  (3)  la 

I  dVa  ’  8*  I’  pdp  I’  d*  * 

Tharafora,  noting  that 

f  Pdp  JQUp)  -  , 


(6) 

(7) 

(8) 


ua  oan  parfora  tha  lntagratlon  in  (3)  by  avaluatlng  tha  intagrand  at  1  •  0. 

Naxt  ua  oonaidar  tha  tarn  oorraapondlng  to  tuo  uavaa  travaralng  through 
tha  aana  partlolaa  In  oppoalta  dlraotlona.  Thla  la  alao  oallad  tha  "oyolloal 
tara"  or  tha  "maximally  oroaaad  tara."  To  axpraaa  thla  tara,  ua  nota  that  tha 
diffaranoa  batuaan  thla  tara  1^  and  tha  pravloua  tcc»>  la  that  In  thla 

eaaa,  thara  la  a  phaaa  diffaranoa  glran  by 


Tharafora,  tha  blatatlo  aoattarlng  ooafflolant  la  givan  by 


f  -KiL*iL)*p 

V  ’  J  4Va  •  r  *  (2,)  Jo  p^p  V*p>  F  *  (10) 

uhara  K  -  •  k  2  aln(8/2). 

Nou  noting  that 

J  PdP  J00CP)  J0(XP)  -  .  (11) 

ua  oan  aaally  avaluata  tha  intagral  (10)  uith  tha  Fourlar  Baasal  tranafora  (6). 
Noting  that  K  <<  pot,  ua  gat  approxlmataly 
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•Jj*»  f[*,T  ■  It, ,3  00*  •  , 

•^2  •  A  ftt.T  •  0^*  ♦  K*)l/,3  ooa  •  ,  (12) 

where 


V  •  3  *V#tr  • 


K  •  k  2  aln(t/2)  . 


The  aeoond  tern  in  tha  nuaarator  of  f(»,Y)  rapraaanta  tha  (radiant  tarn  of  tha 
diffualon  approximation  and  Iq.  (12)  la  valid  whan  thla  aeoond  tarn  la  nnallar 
than  tha  flrat  tarn.  Kq.  (12)  ahowa  that  ajjj  haa  a  aharp  paak  In  tha  backward 
dlraotlon  a  -  0.  For  losaleaa  aoattarara.  Kd  •  0  and  ajg  becoaae  a  half  of 
*nl  Mh*n  th*  an*1*  19  approx lnataly  aqual  to 

3p°tr» 

•  - - -  .  (13 

4»(l*3u) 


Thla  angular  width  la  eonalatant  with  our  experimental  data  and  It  ahowa  that 
tha  abova  diffualon  thaory  oorraotly  axplalnn  tha  baokaeattartng  anhanoanant 
phanonana. 


4.  IHAOB  TRANSMISSION  THROUGH  RANDOM  NBJIA 

Tha  quality  of  an  Inage  aa  observe-"  through  a  randon  nadlun  oftan 
deteriorates  alnoa  tha  high  apallri  frequency  oonponanta  ara  uaually 
attanuatad.  Tha  lnaga  trananisalon  oharaotarlatloa  ara  oonvanlantly  axpraaaad 
by  tha  nodulatlon  tranafar  function  (MTF) ,  whloh  rapraaanta  tha  ratio  of  tha 
nodulatlon  In  tha  large  to  that  In  tha  objaot  aa  a  funotlon  of  tha  apatlal 
fraquanoy  (oyolaa  par  nllllnatar  oyoloa  par  radian)  [18]-[21].  Tha  MTF  for 
turbulant  nadla  and  dlaorata  aoattarara  haa  baan  a»"dlad  thaoratloally.  In 
thla  aaotlon,  wa  praaant  our  raoant  axparlnantal  work  on  tha  MTF  and  tha 
oonparlr  in  with  tha  snall-angla  approximation  fornula. 

The  axparlnantal  raaulta  for  tha  MTF  or  randonly  dlatrlbutad  apharloal 
pnrtlolas  auapandad  in  watar  wara  obtained  (Fig.  4),  Tha  raaulta  wara  naaaurad 
'iy  ualng  an  array  dataotor  and  blaok  and  whlta  atrip  patterna  aa  an  objaot. 
Aooordlng  to  our  atudy,  If  tha  ralatlva  Indax  or  rarraotlon  la  1.2,  tha  error 
In  the  at,all-angla  approxlnatlon  la  <  6*  for  ka  >  10  and  x  <  5.  Many  of  our 
axparlnantal  raaulta  of  MTF  aatlafy  thaaa  conditions.  Howavar,  in  thla 
axparlnant,  baoauaa  of  tha  uaa  of  partlelaa  auapandad  In  watar,  it  la  nacaaaary 
to  obtain  tha  MTF  of  a  lt.-sred  ledlue  with  dlffarant  Indloaa  of  rafraotlon. 

Va  derive  an  exprearlon  or  MTF  for  a  layered  randon  nadlun  ualng  tha 
•nail-angle  appro,  in  cion.  Aa  application?  or  thla  fornula,  wa  oonaMarad  tha 
anower  ourtaln  effect  and  tha  MTF  for  an  lnhonogeneoua  nadlun.  Finally,  wa 
will  obtain  nunarieal  raaulta  for  aavaral  dlffarant  partiole  alxaa  and  ooapare 
than  with  axpa.'lnantal  raaulta  [18J, 

Ha  oonaldar  a  aUuetlon  In  whloh  rour  different  layara  are  located  between 
the  objaot  and  detector  aa  ahown  In  Figure  A,  Each  layer  l,aa  lta  own  Index  of 
refrxotlon  Oj  and  funotlon  Hj  whloh  daacrlbaa  tha  oharaotarlatloa  of  a  layer 

and  la  related  to  tha  wave  atruotura  funotion.  The  objaot  la  Ulualnated  by  an 
Inooharant  light  source,  and  tha  inaqlri  eyatan  aatlaflea  tha  lana  law  l/l  ♦ 

1/d  -  l/f0,  where  L  la  tha  air  equivalent  length  between  tha  objaot  and  tha 

lana  and  f0  la  tha  foco'.  length  of  the  lana. 

Ualng  tha  anall-angla  approximation,  the  MTF  of  thla  oadiun  oan  be 
written  aa  tha  following. 

M(f)  •  exp(-H)  , 

4 

H  •  I  H.  , 

J-l  J 


pCojKl  -  J0(*j)3  Ojdoj  . 


(14) 


2-3 


,4  "•■MU-fo" 

*4  - 

kX  »8  *5  >1 

"l  “t  "J  "b 


fop  i  *  l  , 
fop  4  •  1  , 


whore  f  la  tha  spatial  froquonoy  in  oyolea/ao,  k  la  tho  wavelength  of  the  light 
tn  the  aedlum  0(0,(382  pa),  kQ  la  tin  fpoo  apaoe  wave  nuabop,  and  d  ta  tho 

dlatanoo  between  tho  lona  and  iaato  do toot or  (28. S  aa).  Tho  phaao  funotion 
p(a,)>  tho  abaopptioo  opoaa  aootlon  «,  ,  tho  aoattorlng  eroaa  aoetton  i,  ,  and 
i  *4  *4 

tho  nuabop  density  »n  aro  these  of  the  layer  4.  Tho  quantity  »j  •  l  alndj/2) 

la  naod  to  In  'da  tM  aoattoplni  pattern  fpoa  0  to  ISO*  and  to  reduoe  orror  in 
tho  sasll-eag  approximation. 


Tho  shower  ourtala  offoot  In  whloh  tho  laago  of  a  poraon  eloao  to  tho 
shower  euptaln  oan  bo  noon  oloarly,  Mhopoaa  a  poraon  farthar  froa  tho  shower 
curtain  la  difficult  to  see,  oan  bo  explained  using  Iq.  (it),  if  layop  8  la 
tho  shower  ouptaln  and  la  tho  dlatanoo  batman  a  pars'  n  and  tho  ahomr 

ourtaln,  N(r)  of  tho  ahopt  »t  haa  a  hlthop  outorr  fpaquonoy  (tho  apatlal 
froquonoy  at  whloh  HTP  boooaoa  eonatant)  than  tho  ono  of  tho  long  A,.  Thi*  la 
booauao  whan  tho  apguMnt  of  tho  loaaol  function  J0  la  large,  tho  oaao  for  a 
long  I. ,  Hj  boooaoa  oloao  to  t?  even  though  tha  apatlal  froquonoy  la  anall. 

Tha  decrease  of  tho  HTP  at  a  high  apatlal  froquonoy  roaulta  in  tho  loaa  of 
dotallod  foaturoa  In  tho  laago. 


Ho  oonduotod  experimental  and  nuatrloal  studios  for  1.101-,  8-08-,  5.T-, 
and  11.9-aa  paptlolea  oorroapondlng  to  ka  of  T.3,  13. T,  36.2,  and  82.8.  rig.  5 
■hove  tho  ooaparlaon  batmen  tho  axperlaental  data  and  tho  oaloulatlona  for 
1.101-ua  particles.  In  oaloulattng  N(f),  tho  phaao  funotton  p(a)  la  obtained 
by  ualng  tho  alao  distribution  data  suppllod  by  Dow  Choaloal,  and  t  la  tho 
oaloulatwd  value.  Tho  agreoaont  batmen  exporloental  and  numorleal  roaulta  la 
good  showing  the  applicability  of  tho  a  nail-angle  approx lnatlon  for  thoao 
eaaoa.  However,  tho  dlfferenoes  tend  to  Inoroaao  aa  t  Inorossoa.  When  t  la 
10,  tho  oxpooted  orror  In  tho  aaall-anglo  approxlnatlon  la  -203  for  ka  >  10. 

Ho  alao  ooapared  tho  roaulta  for  0.109  and  0.A6  wa  with  tho  aaall-angle 
approxlnatlon,  but  tho  roaulta  aro  quite  different  showing  tho  imitation  of 
tho  aaall-anglo  approxlnatlon  for  small  ka. 


Ha  have  also  Investigated  tho  uao  of  tho  ahort-exposure  HTP  to  lap rove  tho 
laago  resolution.  However,  this  requires  tho  uao  of  tho  fourth-order  sonant. 


9.  CONCLUSIONS 


In  thla  paper,  wo  have  presented  our  oxporlmntal  data  and  thoorotloal 
atudloa  on  baokaoattorlng  enhanoeaent  and  laago  transalsslon.  Tho 
baokaoatterlng  enhanoeaent  la  shown  to  be  oausad  by  two  waves  traversing  tho 
aaae  partlolea  in  opposite  dlreotiona,  and  tho  diffusion  theory  la  used  to 
oxplaln  tho  sharp  peak  In  tho  backward  direction.  Tho  laago  transalsslon  la 
oxproaaod  by  tho  aodulatton  transfer  funotlon,  and  the  aaall-anglo 
approximation  la  used  to  oxplaln  the  axperlaental  data. 
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DISCUSSION 


I. M.  Baal* fit,  US 

You  made  a  brief  ralaranca  co  cha  backsoatterlng  phenomenon 
associated  with  cha  fourth  atatlatlcal  moment.  Could  you  comment  on 
cha  dlffarancaa  of  thla  phenomenon  with  the  ordinary  ona  arlalng  In 
connaeclon  with  cha  second  moment? 

Author' a  Reply 

It  appeara  chat  chare  la  soae  experimental  and  cheoraclcal  avldence 
that  tha  Intensity  fluctuations  are  considerably  enhanced  In  the 
backward  direction.  Thla  la  tha  area  which  needa  more  study,  both 
experimentally  and  theoretically. 

J. A.DeSanto,  US 

Your  work  has  an  equation  which  appears  to  be  similar  to  a  Bragg 
condition.  What  la  the  relation  of  your  backscatter  enhancoaent  to 
Bragg  resonant  backscatter? 

Author's  Reply 

Both  the  enhancement  and  Bragg  scatter  are  due  to  constructive 
Interference.  However,  there  are  differences.  Bragg  scatter  Is 
created  by  the  scattering  from  points  separated  by  one  correlation 
distance  away.  But  the  enhancement  Is  created  by  scattering  from 
points  which  are  the  mean  free  path  away,  or  the  mean  diffusion  path 
length  away.  The  more  fundamental  difference  Is  that  the 
enhancements  are  due  to  two  waves  multiply  scattered  In  opposite 
directions  and  occur  only  in  the  backward  direction,  while  Bragg 
scatter  is  due  to  two  waves  singly  scattered  and  can  occur  In  all 
angles. 

A.N.  Ince,  TU 

How  could  the  croas-polarlaed  component  (attributed  to  multiple 
scattering  In  the  volume)  of  the  backscattered  wave  vary  with 
Increasing  density  of  the  medium?  What  would  then  be  the 
contribution  by  the  surface? 

Author's  Reply 

For  spherical  particles,  the  backscatter  cross  polarisation  is  zero 
for  single  scatter  which  is  dominant  at  low  density.  At  higher 
densities,  multiple  scattering  becomes  dominant  and  we  expect  the 
backscatter  cross  polarization.  For  a  very  dense  medium,  we  made  an 
experiment  using  a  sample  containing  particles  with  water  completely 
removed  (dried)  and  we  observed  some  backs catte ring  enhancement. 

This  may  correspond  to  a  rough  surface,  but  we  do  not  have  a  good 
theory. 
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Geometrical  Theory  of  Diffraction  for  High-Frequency  Coharancc  Function*  In  a  Weakly  Random  Medium 
With  Inhomogeneous  Background  Froflla 

R.  Masar  and  L.B.  Felaan 

Department  of  llactrical  Intinaarlog  and  Computer  Sclanea/Wabar  Raaaarch  Inaltut* 

Polytechnic  University,  Farmlngdale,  NT  11733  USA 

Abstract 

Tba  localisation  of  high-frequency  wav*  propagation  around  ray  trajectories,  and  tha  reflection  and 
(or)  diffraction  of  that*  local  plana  wave  field*  by  boundaries,  InhoaoRoneltiaa  and  (or)  acaC taring  cen- 
tara  haa  been  c cabined  via  tha  Oaomtrical  Theory  of  Blffractlon  (GTD)  Into  one  of  the  neat  affective  scan* 
of  analysing  high-frequency  wave  phanoaena  In  complex  datarnlnlatlc  anvlronaanta.  Thaaa  conatructa  are 
hare  incorporated  Into  a  etochaetlc  propagation  and  diffraction  thaoiy  for  atatlatlcal  aoaanta  of  tha 
high-frequency  field  in  a  weekly  fluctuating  medlim  with  lnhoaoganaoua  background  profile,  provided  that 
the  correlation  length  Iq  of  the  fluctuation*  la  small  coopered  with  the  acala  of  variation,  but  large  com¬ 
pared  with  the  local  wavelength  1  ■  2»/k - 2ve/u  ,  in  the  fluctuation-free  background,  with  k  being  the 
local  wavenoaber,  c  the  local  wave  speed  and  u  tha  radian  frequency.  Canonical  problem*  of  determlnlatlc 
GTD  furnlah  the  propagator*  and  the  local  reflection,  refraction  and  diffraction  coefficient*  that  ralate 
Incoming  to  outgoing  were field*.  The  major  analytical  building  block*  include  propagator*  deacrlbed  in 
local  coordinate*  cantarad  on  the  curved  DTD  ray  trajeetorlaa  in  the  determlnlatlc  Inhomogeneous  background 
environment ;  aultlacaie  expansion*  in  these  coordinates,  to  chart  and  solve  for  the  propagation  properties 
of  statistical  measures  of  tha  parabollcally  formulated  ray  fields ;  Klrchoff  or  physical  optica  (PO)  approx- 
laatlons,  generated  by  GTD  incident  field*,  to  establish  initial  condition*  for  fields  reflected  from  ex¬ 
tended  smooth  surface*:  and  "point  scatterer"  solutions  to  establish  GTD  initial  conditions  for  small 
scatter*!*  and  edge*.  In  addition  to  the  conventional  second  and  higher  order  coherence  function*,  there 
are  Introduced  as  appropriate  statistical  object*  two-point  random  functions  and  corresponding  higher  order 
function*  which  are  useful  In  treating  correlation  of  incident  and  backward  reflected  or  diffracted  flelde 
that  traverse  the  seme  propagation  voluaa.  By  this  solution  strategy,  one  gains  access  to  a  much  larger 
clesa  of  high  frequency  problems  In  a  random  medium  than  at  present.  Results  for  the  average  field  and 
higher  momenta  have  been  obtained  for  forward  propagation  in  a  fluctuating  medium  with  inhomogeneous  and 
caustic-forming  background,  for  reflection  and  rafractlon  due  to  a  plane  or  smoothly  curved  Interface  In 
such  a  medium,  and  for  diffraction  due  to  a  wedge  and  a  small  scatterer. 

I.  Introduction  end  Sunsssty 

Ray  theory,  as  formalised  by  tha  geometrical  theory  of  diffraction  (GTD),  is  on*  of  tha  well  estab¬ 
lished  methods  for  treating  high  frequency  propagation  anC  diffraction  in  complicated  environments.  Short¬ 
comings  of  ray  theory  In  convergence  tones  near  caustics,  in  refraction  shadows,  structural  diffraction 
regions,  etc.,  have  been  repaired  by  local  unlformlxatlon,  and  the  relation  between  ray  fields  and  modal 
fields  In  guiding  channels  has  been  given  a  quantitative  foundation  [1],  leading  to  a  hybrid  format  that 
can  combine  rays  and  modes  systematically  to  exploit  the  best  features  of  each,  both  phenomenologically  and 
computationally.  A  review  of  these  recent  developments  any  be  found  In  reference  [2]. 

It  has  long  been  tempting  to  incorporate  into  ray  theory  the  effects  of  random  medium  fluctuations 
and  boundary  perturbations  to  parnlt  sure  realistic  modeling  of  propagation  channels  encountered  in  prac¬ 
tice.  Some  recent  efforts  have  been  aimed  at  describing  the  transport  properties  of  the  statistical  moments 
of  tha  field  directly  through  determlnlatlc  partial  differential  equations  based  on  parabollcally  approxi¬ 
mated  wavaflelda  [3-3).  For  high  frequency  fields  In  a  weakly  fluctuating  medium  with  correlation  length 
of  the  random  fluctuations  much  larger  than  the  local  vavelength,  it  Is  suggestive  to  structure  tha  trans¬ 
port  of  these  momenta  around  the  ray  trajectories  in  the  deterministic  background.  Carrying  these  consid¬ 
eration*  further,  one  is  lad  to  explore  whether  the  entire  machinery  of  deterministic  GTD  can  be  employed 
to  account  also  for  phenomena  of  reflection,  refraction,  diffraction  by  adgea  or  due  to  shadowing  on  smooth 
surfaces,  etc.  The  foundation  of  deterministic  GTD  is  the  concept  of  localisation  of  high  frequency  fields 
around  ray  trajectories,  and  the  consequent  ability  to  model  the  local  effects  of  an  arbitrary  propagation 
or  diffraction  environment  by  a  global  canonical  configuration  that  is  analytically  tractable  and  assumes 
in  the  relevant  local  region  the  features  of  the  actual  structure.  The  task  Is  to  extend  this  scheme  to 
tha  mean  field  and  hlghar  order  moments  when  sources,  madia.  Interfaces,  boundaries,  etc.,  Introduce  weak 
random  fluctuations.  If  succasaful,  this  will  make  accessible  a  whole  new  class  of  phanoaiena,  which  are 
presantly  beyond  reach  by  rigorous  methods. 

Tha  strategy  outlined  above  is  being  implemented  on  a  systematic  sequence  of  canonical  problems.  The 
first  generalisation  ha*  been  concerned  with  extending  to  curved  rays  In  an  arbitrary  lnhoaoganaoua  back¬ 
ground  profile  results  in  the  literature  developed  around  straight  rays.  As  in  these  earlier  studies,  we 
have  dealt  with  reduced  wav*  fields  that  aro  defined  approximately  by  a  parabolic  aquation,  thereby  removing 
from  the  full  wave  function  a  phaee  term  that  accounts  for  ths  dominant  propagation  phenomena  along  tha 
"preferred"  coordinate.  However,  instead  of  extracting  this  term  in  the  conventional  form  exp(lks),  which 
describes  a  plana  wav*  with  reference  wavenumber  k  propagating  along  the  preferred  straight  coordinate  a 
and  thereby  restrict*  the  resulting  parabolic  approximation  solutions  to  tha  paraxial  narrow  angular  doauln 
around  the  a-exis,  we  formulate  the  pgrabollc  equation  for  the  coherence  function  and  higher  moments,  and 
extract  tha  phase  in  *  ray-centered  coordinate  system,  along  an  arbitrarily  directed  ray  (see  also  [3-5)); 
this  yields  in  a  small  angular  domain  around  that  ray  In  an  arbitrary  refracting  background  the  solution 
for  tha  two-point  coherence  function  by  extending  the  nultltcal*  expansion  method  employed  previously  for 
the  s-airectad  propagation  furctlon  [6-9)  to  arbitrarily  propagated  single  and  multiple  ray  contributions 
that  nay  reach  an  observer.  For  single  ray  contributions,  a  single  scale  paraxial  (quadratic)  expansion 
around  ths  central  ray  is  adequate  end  is  found  to  reduce  in  the  absence  of  fluctuations  to  the  familiar 
ray  intensity  variation  inversely  proportional  to  tha  ray  tub*  cross  section.  Multiple  ray  contributions 
reaching  an  observer  along  vastly  different  propagation  paths  in  the  fluctuating  environment  are  treated 
individually  in  view  of  the  previously  noted  lack  of  phase  coherence  between  them.  Multiple  ray  contribu¬ 
tions  near  caustics  and  foci  in  the  background  are  treated  collectively  because  of  their  almost  coincident 
trajectories.  For  two  ray  fields  near  a  simple  caustic,  this  is  achieved  by  cubic  expansion  sround  the 
caustic  contact  point  of  the  central  ray.  In  the  abssnes  of  fluctuations,  the  resulting  expansion  for  ths 
intensity  la  shown  to  be  reducible  to  the  Airy  function  solution  derived  from  unlformlsed  ray  theory.  It 


ha*  theraby  been  coaf lr—a  that  propagation  of  tha  eoharaoea  function  can  ba  loealltnd  around  tha  rap 
path*  In  a  generally  refracting  nadlun,  and  that  tractable  approximations  can  ho  aid*  to  retain  tha 
necessary  unfotnlslng  diffractive  epactra  naar  a  cauatlc. 

Procaedlcg  to  tha  next  atap  in  tha  CTD  strategy,  It  la  necessary  to  introduce  ray  fields  cauaed  by 
reflection,  refraction  and  diffraction.  If  a  ray  in  thla  category  teachee  tha  observer  along  a  trajectory 
that,  on  the  scale  of  the  correlation  langthe  of  the  fluctuations,  is  widely  aeparatad  free  all  other  raye, 
the  statistical  Manures  of  tha  corresponding  randen  vaveflalds  can  be  treated  in  Isolation.  However,  if 
such  a  ray  passes  near  the  trajectory  of  the  incident  ray  (backscatterlng  donaln),  tha  lneidant  and  back- 
acattared  events  euit  ba  consisted,  It  la  then  appropriate  to  explore  tha  transport  properties  not  of 
the  two-point  coherence  function  (TPCP)  but  of  a  aora  general  two-point  randoe  function  (TPRP)  constructed 
by  pairing  randoe  fields  without  anssabla  averaging.  Tha  TFCV  la  obtained  by  averaging  the  TPHP  after 
Its  construction.  The  propagation  equation  for  the  parabolically  approximated  TPHP  dll  fere  fron  that  for 
tha  TPCP  in  that  in  contains  randoe  functions.  We  have  confined  that  for  forward  propagation,  construct¬ 
ing  the  solution  for  the  TPCP  fron  the  solution  for  tha  TPRP  yields  the  asea  reeult  as  tha  direct  solution 
described  above.  Thla  dreuestanea  daeonatratae  the  versatility  of  tha  TPKF  approach. 

With  tha  necessary  propagator*  in  hand  to  account  for  tha  whole  hierarchy  of  GTD  raye,  the  next  task 
has  bean  to  establish  tha  appropriate  initial  conditions  for  the  stochastic  vaveflalds  along  these  raye. 
Thla  has  been  iepleaented  so  far  for  two-dieanslooal  reflection  and  refraction  due  to  saooth  boundaries 
and  Interfaces  embedded  in  tha  randoe  nadlue,  and  for  diffraction  by  avail  scatter*  .'a  and  by  a  wedge-shaped 
obstacle.  As  noted  above,  a  distinction  la  eade  depending  on  whether  the  reflected  and(or)  diffracted  ray 
fields  in  the  background  reach  tha  observer  along  vastly  different'  or  along  closely  adjacent  path*.  The 
GTD  strstegy  is  implemented  either  in  the  configurational  or  spectral  does in*,  and  by  canonical  or  physical 
optics  solutions  for  reflection,  tranaalsalon  and  diffraction  coefficients,  to  furnish  for  the  wean  field 
and  coherence  functions  a  variety  of  alternative  representations  of  solutions  with  presumably  different 
ranges  of  utility.  These  results  are  suamarltad  below.  Taken  in  their  entirety,  they  suggest  that  the 
CTD-baeed  strategy  for  high  frequency  propagation  and  diffraction  in  a  randomly  fluctuating  nadlue  with  the 
stated  properties  hold*  considerable  pronls*  and  deserve*  to  be  further  explored  and  extended 

II.  Propagation  Equation  for  the  Two-Point  Coherence  function  and  Two-Point  Randoe  Function  in  Hay- 

Centered  Coordinate* 

To  develop  the  equations  governing  the  propagation  of  statistical  Mature*  of  the  field  0(k)  in  a 
randomly  fluctuating  nadlue,  we  begin  with  the  tlM-ha.eonic  wave  aquation 

V2U+kV(R)U«0  (1) 

which  U(R)  nust  satisfy  at  any  observation  point  R.  Hera,  k  1*  a  reference  wavenunber,  and  N(()  is  the 
index  of  refraction,  which  1*  aaauMd  to  ba  comprised  of  a  spatially  varying  regular  (background)  portion 
n(R)  and  a  normalised  weak  random  portion  n(?) ,  with  |h{  «1  and  «1>  -0.  The  bracket*  <>  denote  the  en¬ 
semble  average.  W*  shall  approxlMta 


N2(R)  - n2(R) [1  +n(R) ]2  sn2(R)tl +Jn(R)l  . 


As  in  prevlou*  studies  [6]-[12]  our  analysis  of  the  transport  properties  of  the  statistical  moments  of 
the  high-frequency  field  la  based  on  the  parabolic  approxlMtlon ,  but  is  extended  here  by  performing  the 
parabolic  expansion  around  the  actual  ray  trajectories  in  the  inhomogeneous  background  (see  references 
[3-3],  [13-16],  [18, 19]) Instead  of  the  straight  coordinate  s.  This  removes  tha  narrow  angle  restriction 
around  the  s-axls,  and  grant*  access  to  regions  that  were  previously  Inaccessible .  The  impleMntation  in¬ 
volve*  ray-centered  coordinates  (r,o)  for  a  typical  ray,  with  extraction,  from  the  expression  for  the  field, 
of  the  phase  accumulation  along  that  ray, 

o 


«(r,o)  »u(r,o)*xp[lk  j  d?n0(O)  . 


nQ(o)  -n(0,o)  (A) 

la  the  deterministic  (background)  part  of  the  variable  refractive  index  at  any  length  o  Maaured  along  the 
ray,  while  r  •  (qj  q2)  is  tha  vector  coordinate  to  a  point  located  in  a  rectangular  (qj.qj)  coordinate  system 
perpendicular  to  the  ray.  The  ray  centered  coordinate  system  R(j,o)  1*  shown  in  Pig.  1,  which  also  in¬ 
clude*  a  sketch  of  the  source  region,  wherein  originates  the  ray  at  S  that  reaches  the  observation  point  K. 
The  derivation  of  the  parabolic  equation  Involves  the  usual  restriction* 


Which  justify  omission  of  "slow"  a -derivatives  of  u.  While  tha  formulation  ha*  baen  csrried  out  for  the 
thro* -dimensional  case  (  3 1 ,  w*  raatrlct  ourselves  for  siepllclty  to  the  two-dimensional  problas,  inde¬ 
pendent  of  qj,  and  denotu  the  single  tranuvers*  coordinate  qj  by  r.  Then,  tha  Mtric  coefficient  h(r,o) 
for  the  ray-centered  coordinate  la 

h(r,o)-l  ,  (6a) 


is  the  local  radius  of  curvature  of  the  reference  ray.  We  also  define  functions 
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H(r*0)  'I  [^T3T  ¥“  -  hfi\oT  1 

^(r.o)  ■  £  n^o)  jh2(r,o)  -  1  j  . 


The  mni«  Intimity  distribution  of  the  fluctuating  field  U(r,o)  observed  along  ona  of  the  rays  des¬ 
cribed  above  can  be  obtained  from  the  two  point  coherence  function  (TPCP)  P2  defined  at  tha  range  plana  o  ae 
the  ensemble  average  of  the  tvo  point  random  function  (TPM)  r, 

r(j1,i2,o)  -  U(rj,o)U*(r2,o)  ■u(r1,o)u(r2,o)  (8a) 

r2(rl‘r2,o)  “  <r<r1»r2*°>>  »  (8b) 

where <  > denotea  the  eneaable  average  and  tha  asterisk  tha  complex  conjugate.  The  resulting  equations 
governing  the  propagation  of  tha  TPCP  are  alailar  In  basic  structure  but  differ  through  the  presence  of 
averaged  tana  In  tha  fonar  but  random  tana  in  the  latter,  Na  consider  'hue  In  turn. 

A.  Two-Point  Coherence  Function 

Ha  begin  with  tha  TPCP  because  thla  la  tha  Boat  familiar  case.  In  a  statistically  homogeneous,  iso¬ 
tropic  random  medium  with  variable  background  refractive  Index,  the  following  equation  governs  the  propaga¬ 
tion  of  tha  TPCP  r2  (see  (31) s 

inr  •  iEfcr  (hl<vo)  -  h2<v°>  ~r }  ♦  vzjsmsr  {h(v0)  £7  -  h<v°>  £7} 

+  9o))T2  +  lU(r1>Q)  +H(r2,a)]r2  — j- 

/Q) 

where  the  function  V(r^,r2,  )  describing  the  effects  of  rsndom  scattering  is  given  by 
VO^.rj.u)  -{(h4(r1,o)nA(r1,o)  +  h4(r2,o)n4(r2,o)]An(0) 

-2h2(r1,o)h2(r2,o)n2(r1,o)n2(r2,o)An(r1 -r2))/ng(o)  .  (10) 

Here,  An(rjL  r>)  represents  the  correlation  function  for  the  refractive  index  In  the  plane  transverse  to 
the  ray.  It  h-vlng  been  aaaumed  that  the  fluctuations  along  the  ray  are  delta  correlated  [10-12]. 

To  solve  (9),  it  is  convenient  to  convert  to  the  sun  end  difference  coordinates 


rl“P+f  *  r2"P*f  -  (Ub) 

Next,  It  Is  appuprlate  to  scale  theue  coordinates  with  respect  to  the  various  parturbatlon  scales  that 
characterise  the  problem.  He  Identify  In  addition  to  a  reference  wavelength  X*2»/k  the  characteristic 
length  i,  over  which  tha  background  refractive  Index  variation  baeomes  appreciable,  and  tha  characteristic 
length  Iq,  beyond  which  the  refractive  index  fluctuations  are  uncorrelatsd,  with  the_orderlng  X«tn«t, 
that  la  consistent  with  the  high  frequency  assumption.  The  new  coordinates  p,  a  ando  scaled  over  the 
relevant  characteristic  lengths  are  taken  to  be 

p » lp  ,  a  *  £  ,  o  -  lo  ,  (12) 

which  leads  to  the  introduction  of  modified  and  scaled  functions  defined  as  follows: 

Uj,(r,o)  "Pff.f')  .  *„(•)  ”An(0)An(-p)  ,  ”.(to)  » lR(o)n0J(lo)  “n0(o),  h(tr,to)  -fi(r,o), 


H(tr.lo)  «  l_1H(r,5) ,  V(tp  +  ^r,  lp  -  ^  ,  to)  -Ao(0)V(p  +  p-  ,5) 


finally,  following  [3,4],  we  Introduce  the  perturbation  parameters 
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*l"  ao171’  *l"*t  <u> 

Mkleh  »U1  be  uNd  la  tha  aayaptotlc  analysis  of  (9).  The  fora  of  t.  la  suggested  by  tha  behavior  of  tha 
expansion  of  tha  difference  tara  lktv^tp  +  J,o)  -^(p  -y,o)]  In  (9)  while  that  of  <2,  attrlbutabla  to  tha 
fluctuations,  la  activated  by  tha  aaaaura  of  tha  spread  angle  for  single  scattering. 

In  tha  scaled  variables,  tha  propagation  yropartlaa  of  tha  eoharanea  function  r(p,e,5)  ara  tovarnad 
by  tha  equation 


sr  •o 


(13a) 


aublact  to  tha  Initial  aourta  condition  (tha  aubaerlpt  "a”  uaad  hara  and  hancaforth  to  Identify  initial 
conditions  In  tha  aourca  plana  eheuld  not  ba  confused  with  tha  a  coordinate  In  (11a)), 


r(p,a,o) »  r  (p,o) 


Tha  acalad  operator  B  la  given  by 


■  p--^-f[fi2(p,S) 

80  no(°)  *1  *K2(8)J 


a2 

aPI 


+ 


ji 

R(3)  [  4  i? 


(13b) 


share 


B  -  k2A  (0)1 
n 


(16) 

(17) 


B.  Tvo-Polnt  Randon  Function 

Tha  parabolic  aquation  for  tha  TPRF  hat  tha  sane  dataralnlstlc  (background)  portion  aa  that  for  the 
TPCF  but  differs  through  tha  praaanca  of  nonaveraged  atoehastic  functions.  Again,  tha  threa-dlaanslonal 
aquation  la  avallabla  116)  but  ve  shall  be  satlafiad  hara  with  tha  two-diaanalonal  version.  As  haa  been 
shorn  In  (31 ,  coordinate  scaling  can  be  perforned  either  vlth  respect  to  t  or  t_.  Choosing  tha  latter, 
*•••»  P"*nff<  a  « I/k,  0  “  tno,  one  stay  writs, 


9T 

to 


“1*2  Ib(t+,o)  -  y(?_,o) )r  +  (fl(f+,o)  +H(f_,o)]r  +  u— ^  [h2(f+,o)n2(f+,o)n(p  +  -| — ,5) 

-  h2(5j0)n2  (fjo)n(p  -  -|-,5))r 
,3/2 


-1 


(18) 


where  r^  -pi  j  ,  the  functions  R(o),  Uq(o) ,  h(r,S)  and  v(r,5)  are  likewise  scaled  with  reapact  to  l  , 
end  tha  perturbation  paraaetars  ara  takan  as 


1  n- 


(19) 


1 


i  ' 
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W»  MU  that  (It)  la  ion  general  than  (9)  because  thn  respective  index  corralatlon  function  can  generally 
ha  apati illy  dependent  and  alao  anisotropic. 


III.  Solution  by  Thr— -dealt  Expansion 

At  tajput  Jfcteaaa  *»«**<* 

1.  The  Th~«-«cala  Propagation  lauation 

1b  solve  the  propagation  aquation  (IS)  undar  condition*  requiring  the  thraa  length  acalaa  1 ,  t„,  and 
t,aa  have  adapted  to  tha  curved  trajactoriaa  hara  tha  procadum  employed  previously  in  dealing  with  straight 
background  raya  [ft— 9]  •  Thla  pracadara  ltraolaaa  a  auccaaalon  of  apactml  tnaafoma  and  aeallnita  that  re¬ 
move  nondaalrad  aariahlaa  and  nomallae  daairad  onaa  until  tha  transformed  aquation  haa  a  fora  that  can  ba 
attacked  by  the  aethod  of  characteristic*.  In  addition,  in  tranavaraa  planaa  cantarad  at  varloua  point* 
aland  tha  ralavant  rafaranca  ray,  ona  aaploya  paraxial  expanaiona  that  include  up  to  third  order  (cubic) 
tarn  with  reapect  to  tha  central  configuration  or  apaetral  coordinate ;  naar  a  cauatlc,  the  rafaranca  ray 
la  tha  ona  tangent  to  tha  cauatlc.  It  ahould  be  kept  in  alnd  that  although  tha  varloua  Fourier  tranaforna 
in  thla  development  am  formally  taken  over  an  infinite  tranavaraa  domain,  the  contributing  apaetral  rangaa 
am  thoae  confined  to  the  paraxial  region  around  tha  mfamnea  ray.  Thia  circumstance  affectively  truncates 
tha  integration  interval,  thereby  removing  formal  complication*  that  would  arise  from  intersection  of 
successive  Infinite  tranavaraa  expansion  planaa  at  large  distance*  from  tha  (curved)  ray. 


Tha  major  steps  am  almllar  to  thoae  in  [6-9) .  Tha  saroth  ordar  raault  la  [31 t 

Vo-° 


r0(v,n1,nj,p,a1,aJ,O)-^(v,p)  , 


wham  Eg  la  tha  saroth  ordar  operator 


kg'Bj+Uv.p.a^.Tij.o)  -jj-  +  l(v,p,*2,ii2,o)  •j|-  +  fKv.p.ij.n^.S)  |i-  +  M(v,p,a2,n2,o)  -^Sr 
-  f  fgrt.P.ij.Sj.o)  +  6V0(v,a2,o). 

V  ^  +  •  W  +  &  + 


rs  » 


and 


with 


-2 


IKv.p.S)  -  u(1,(v,o)  -  n0(§)R(8)  • 

Q(v,?,5)  -  Hq(v,5)  -  Afafo 


„  (-  .  1  3"0(g)  .  _1  JR(o)  ; 

H0<v-a)  n0(3)  Jo  +  nfer ~ao  q+tfcT  ' 


(20a) 


(20b) 


(21) 


(22) 


(23a) 


(23b) 


(23c) 


Bam,  v,  *,  and  *2  am  coordlnata-llka  apaetral  variable*  and  p,  n,  and  n.  are  apaetral  variable*  obtained 
•ftar  several  apaetral  tranaforna  and  embedding*  of  tha  spectral  functions  in  a  higher  dimensional  apace 
according  to  tha  three-acal*  expansion  method  (see  [3]),  Tha  "geometric  expansion  operator”  ig  which  re¬ 
sult*  from  retaining  only  tha  saroth  ordar  terms  In  in  tha  fluctuation-free  portion  of  the  coaplata 
operator  E  in  (16),  characterise*  the  isolated  ray  contribution*  in  the  deteralnlstic  background. 

Tha  other  functions  are  daflnad  a*  follows: 

*"j  *g)  ■  s^r fiJ<a,5)  +  <24,) 


_  _  _  _  _  *'liW  _  _ 

M(v,p,»j ,rij ,o)  -  a^n^v.p.o)  -  K(v,o) 

B0(t,P>»1,61,o) 


t  ,,(3>(’-5)  -  R(’'5)  ~ 


3^1*1 


3Vip 

*ii0(o)R2(o) 


whara 


/^(v.S)  -  ,  n*l,2...,  . 


(21b) 


(2*e) 


(25) 


Tha  scattarlng  function  Vg,  which  lncorporataa  tha  affects  of  the  fluctuations,  is  given  by 


T1 M  Mint  ton  of  (to*)  subject  to  (20b)  1*  simplified  by  normalising  tba  Initial  condition.  To  thla 
and,  v*  writ*  (6-9) 


r#(*,ol.nl«o#l.*l,«)  *  r#(*,p,*)»(*,n1,nl,o,a1,a1,<i) 


where  ^(v.p.w)  la  tb*  aolntloo  of  tbo  "geometrically"  approximated  aquation* 


V«“° 


with  Initial  aourea  condition 


r#(v,p,0)  •  f.tf.o)  »  |  dara(w,  a)exp(-lpa)  . 


Tha  function  F(v,n^,n2^s^,aj,o)  now  la  tb*  aolutlon  of  (20)  with  th*  normalised  Initial  condition 

V"°  «9a) 

f(w.''1,'’2«^>a1,,2»0)  *x  •  (29b) 

Knowir  *  F  and  r^,  wo  can  find  rQ  fro*  (27). 

2.  Solution  of  th*  background  (Auxiliary  )  Froblan 

Th*  background  problaw  poaad  in  (28)  la  of  lnteroat  by  ltaalf  bacaua*  it  daacrlbaa  propagation  of  ih* 
coherence  function  along  laolatad  ray  patha  in  an  arbitrarily  Inhomogeneous  deterministic  medium  (aae  alao 
[17]).  In  tha  preeent  context,  it  may  be  regarded  a*  an  auxiliary  problem  for  attacking  the  general  caae. 
Th*  aolutlon  atrategy  la  tha  method  of  charactarlatica  built  around  th*  ray  path*  In  tha  background  medium. 
Theae  earn*  patha  then  form  th*  baele  for  aolvlng  th*  normallaed  Initial  value  problem  (29a, b)  In  th*  pre¬ 
tence  of  fluctuatlona,  away  from,  and  neor,  th*  cauatlc.  Th*  characteristic  equation*  corraapondlng  to  th* 
flret  order  partial  differential  equation*  In  (28)  are 


:  v(o)  -vg 

(30a) 

p.5) 

!  P(0)  *  P# 

(30b) 

dr 

Six 

■ 

o 

;  ia(5-0)  -r,(v,.P,) 

(30c) 

Fg(v,p,5) 

-*xp{|  deQ(v,p,C)>fg(v,P,o) 

(30d) 

th*  rolatlvo  alopa  t«t.ioiof  a  ray  at  follows  (too  Fig*  1), 

t(v,p,3) 

• 

(31) 

Here,  9  la  the  angle  between  th*  tangent. to  th*  central  ray  9-0  >P  and  a  paraxial  ray  deacrlbed  by 
v(9s,pt,o),  and  (30d)  aarvaa  to  define  Fg(7,S,9). 

Integrating  OOa.b),  w*  obtain  F  and  P  aa  function*  of  their  Initial  valuta  v,  and  P„ 

v-v(v3,5I,S)  ;  P-P(vglPt,5)  (32) 

or  Inverting  thee*  equation* 

v,-vB(v£,'o)  ;  Pf-P,(v.5.5)  .  (33) 

Then,  Integrating  C8)  along  th*  characteristic*,  w*  obtain  for  the  coherence  function  r  (v,p,o)  the 
following  expression:  * 


r  iS)  «f  t(vg(vi  ^;pt(v^  •o))q0(vt,v,o,o) 

Vv;-v5)  -«*  {-J  dcQ(v,?,5)J  -  Jgjgi  • 


(33) 


>1 


J«7 


The  corresponding  eolutiou  in  configuration  ipui  In  found  fnt  tha  inverse  traneforn 

1 


r„(p.i.o)  *  — *“J  JJj  *rtpdn  r,  N,.p,)Q0(»b.''iO*o)  axp  (loe)exptin(p-v)l 
(*»)  _ 


(36) 


Tha  n  and  a  integrations  in  (36)  can  bn  parfoned  explicitly,  but  we  shall  ratlin  tha  integral!  in  their 
present  (am  (or  subsequent  aanipulatieas. 

For  tha  special  caaa  of  excitation  by  a  linn  aourca,  tha  initial  condition  bacoaaa 

-  -  -  !a‘ 

rg*V%*  "T*  4*V  *  (37) 

ohara  <(v  )  la  tha  Dirac  dalta  function,  and  I.  ia  tha  aourca  strength.  Tha  ganaral  raault  in  (36)  can  now 
ba  eiapllfled,  and  can  ba  ahoun  to  yiald  what  la  found  fron  GTD  [10 ).  Thin  clrcuaatanea  aatabllahaa  confl- 
danca  that  tha  various  atapa  leading  to  (18)  have  retained  enough  apactral  flaah  to  daaerlba  geometrical  ray 
aaynptotlca  in  a  generally  refract inn  background. 

3.  Solution  of  tha  Somalia  ad  Ganaral  Problae 

Tha  ganaral  problea  with  normal laad  initial  conditlona,  defined  by  tha  flrat  order  partial  differential 
aquation  in  (It),  la  also  an  enable  to  tjaatnant  by  tha  aatbod  of  characteristics.  The  characteristic  equa¬ 
tions,  which  track  tha  variables  v  and  p,  ara  the  raj  tracing  aquations  in  (30a,b).  One  nay  reduce  the_ 
four  charactarlatlc  aquations  for  the  variables  a},  a] ,  nlt  hj  to  two  by  eliminating  the  dependence  on  n 
by  defining  new  variables.  Again,  i olloOlng  what  was  dona  for  tha  straight  line  paraxial  caaa  (6—9) ,  wa 
dai.na 


Thas 


(38) 

bias  ar 

a  tracked  by  tha  ayatae 

-  L(v,p,s,n,o) 

(39a) 

-  M(v,p  ,a  ,n  ,5) 

(39b) 

together  with  (43a, b),  aubiact  to  tha  following  boundary  conditlona  at  tha  range  plana  o, 

n(o)  *  1  . 


a(o)«  f 
n 


Ktxt,  wa  dafina  tha  function 


o„.o)- - Jin  —Or 

(^n)3  (  r<V 

O  . 

'*'>n0(v,.''.o0*°>  j_  d«V0(v,c2na,t)j357(v^ ,o) 

o  ' 


(4v) 


(41) 


which  la  a  solution  of  tha  aquation 


ff  *  tyW.*.®)  • 


(42) 


This  has  to  ba  aolvad  together  with  (43a,b)  and  (60a, b)  aubiact  to  tha  boundary  condition 


u(v,p,o,o)  «0  (43) 

that  ia  a  direct  conaaquanca  of  tha  definition  given  by  (41).  Setting  on»0  In  Eq.  (41),  wa  can  atprese  the 
function  F(o)  aa  ° 


_  -  -  |i(«i».5)J  f°  _  1 

Ko)  •00(vt,v,0,o)axp( - 5 - 8  I  ddV0(v,«2na,C)j 


(44) 


4*  Solution  of  tho  Coaplata  Problg 


Th«  solution  of  tha  cc**plsts  pro  bis*  can  ba  aynthaaliad  fron  tha  product  decoapoaltlon  In  (27),  uaing 
tha  raault a  In  (39)  and  (44) a  Transforming  Into  configuration  spaca, 


* 


r(g,M)  ■  -  jjdrdS  f  (;4,5i)00(?t,*,0,®)  expUpa)  |  dnexpUMp-v)! 


1  •*p|---tjS---  -  I  |  4CVc($lc2fta,oj 


Thla  mult  for  the  tiro-point  coherence  function  In  ■  weakly  fluctuating  nciiun  with  lnhoaogeneoua  re¬ 
fraction  index  background ,  which  hat  been  derived  froa  the  three-ecale  ttroth  order  operator  developed  la 
Sec.  IIU,  lncorporatea  effect  a  accurate  to  third  order  tana  in  the  paraxial  captation  around  the  reference 
ray  In  the  background  etdlua.  It  can.  therefore,  accoamodat*  phtaoaana  aacrlbcd  to  ltoltttd  ray  regia**  at 
tail  aa  traaaltlonal  regime*  near  a  cauatlc.  We  have  confined  that  the  apactral  content  of  the  aolutlea 
in  (45)  la  enough  to  reproduce  independently  generated  ntulte  in  the  following  Uniting  aituetlonat  unlfon 
(Airy  type)  and  oenunifon  (CTO)  aolutlona  near  and  far  froa  cauatica  when  fluctuation*  an  onitted)  laolated 
and  nonlaolated  aolut Iona  with  fluctuation*  preeent. 

B.  Two- Point  Pandoe  function 

The  development  for  the  TPM  follow*  cloaely  the  on*  purauad  for  the  TPCP  in  Section  A.  He  write  the 
aolut  ion  fonally  aa. 


r(S.*.5)  ■  ||dv1dqtrB(vi^)0(p,a,o|vt,qt,0) 


■  JT  ljjdvtdq>dpirt(vg,Pt)C(p,e,o|vt,qt,0)*xp(iP>qt), 


!■,(»,. d,)  *  (1/5*)  |«,P,’1t(vg.ri)*xp(iPtql)1 


and  G  it  the  two-point  random  propagator  (TPM) 


°<Wi  l*i.*k*i>  -  jj*i* 

**■  i 

«  axp[i<pa2 -P^jlexplinCp-vllCpi.Pj^Jj^.Oj^.Oj)  expjlij  |  dC 


1  f  f  *  - 
niJJapi* 


h2(u.o;2(;.c) 


«  tn(v(0  + 


cjhaft) 


,t)  -n(v(t)  - 


t2h*(c) 


.C)lj  . 


The  function  C(if -  expHfc^nJ^H/l)  ,  which  deacrlbea  effect*  in  the  vicinity  of  a  enooth 

cauatlc  forced  by  ch*  confluence  of  two  adjacent  background  raya,  can  ha  replaced  by  unity  (l.e,  '-j  "  0) 
whan  a  ray  1*  laolated.  For  higher  order  cauatica  and  euapa,  additional  perturbation  acalat  nuat  be  intro¬ 
duced  to  find  the  appropriate  C-functlon.  The  variable*  fgi  and  a  are  tracked  along  the  reference  ray  by 
tha  ayatom  (30a, b),  (3$a,b)  and  (12),  noting  that  the  acallng  la  nada  with  reapect  to  tn<  He  ahall  apply 
this  aolutlon  in  the  next  taction  to  reflection,  trananlaalon  and  diffraction  problena. 

tV.  kef lection.  Trananlaalon  and  Plfftactlon 
A.  deflection  and  Tranenleeion 

With  the  propagation  problen  eolved  (a  a  Sect.  II  and  III),  we  now  contldar  the  cae*  when  the  ray  field 
la  incident  on  a  turved  boundary  aegment  acroaa  which  the  background  rafractlvt  index  le  dlacontlnuoua,  being 
denoted  by  n-  on  tha  incident  eld*  and  by  n+  on  the  tranaaltted  aid*.  The  TPM  corrtapondlng  to  the  reaulting 
reflected  and  tranenltted  wave*  la  obtained  by  propagating  from  the  eource  S_lo  the  point  1(0, o^)  on  tha 
interface.  Thla  propagation  takaa  place  in  the  ray-centered  coordinate*  (r,5),  aaeunlng  for  the  nonent  that 
tha  intarf a  a  in  abeant ,  and  yltlde  the  incident  TPM  T  aa  in  (46)  with  5  replaced  by  Of  and  r  by  the  coor¬ 
dinate^,  In  the  plane  «i  tranevera*  to_th*  incident  ray  (ae*  Fig.  2).  At  Oj,  the  tranevera*  plan* 

Vi(Pl,il)  1*  rotated  into  the  plan*  Wb(Pb»*b)  tangent  to  the  boundary  end  H  1*  evaluated  on  Wb.  Thla  **- 
tabliehea  the  Klrchoff  initial  condition 

rb^^b’*b*°i^  5  ri(^b  c0*  6i'*b  co*  ei*;1),*p(lnb-;b  ,inV»  (*•) 

udier*  62  ia  the  incidence  angle  and  erp(lnb-*balnel)  account*  tor  the  phaau  change  due  to  rotation.  Bacauae 
tha  tranevera*  coordinate*  are  confined  to  tbi  vicinity  of  the  reference  ray,  the  variable  refractive  in- 
docea  n-  and  n+  near  the  latareactlon  point  1  of  that  rey  with  the  interface  nay  be  replaced  locally  by 
the  conatant  value*  nb-  and  ngf. 

TO  find  tha  tranaaltted  field,  w*  combine  the  rule*  of  GTO  with  the  format  for  tracking  tha  TPM. 

Flrat,  tha  initial  condition*  on  Hg  are  translated  acroaa  the  curved  interface,  which  la  aeeuaed  to  b* 
deacrlbed  by  the  function  *  ■  x(?g)  (••*  Fig.  2) .  Shifting  from  Hg  in  (IF)  to  the  curved  boundary,  on*  haa 
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hNiai  to  tta  ihmIIM  IU«  nwtiM  altlfUeitlM  tjr  the  laeol  Proanal  plana  wi  tnMtMiN  co- 
intilMt  Rtttt  *»  n(n  tlM  tMMlttil  (tali  tack  to  the  tniwt  plan*  which  to  MM 

tw— I  to  Uo  to  the  anterior  aodlua  to  aboonc*  of  tho  kmhty.  HmU;,  6kl»  toforoooo  plan*  to  ro¬ 
tated  lata  Ska  tramavara*  plan*  of  tha  ray-ceatarad  caorilaotaa  of  tha  traaoalttai  toy.  Wat  all  o( 
thaaa  operation*  ora  soak  loot,  ooa  (Mo  (or  tko  lalttal  eoailtloa  (or  Iko  traaoatttoi  TW, 

rM<ifV  •  VvvWn  ♦*-£  *'i>S'N  -  ¥*  * V 
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"«Ki*Vv«>(V*b>‘1“he*tt“'t>  . 

where  Pw  *Pt/co*Ot,  ^•it/coilt  and  »t  la  tbo  angle  a(  traaanlaaloe  eccordlng^tg  JoaH'o^lo*.  _Tho  trono- 
alttod  TW  rt  than  (*Un*  (roa  (It),  with  (47),  an  replacing  r,  ky  rti  tod  (p,o,o)  ky  (pt,*t,ot)t  tho 
lTCr  to  obtained  ky  taklag<rt>. 

For  tko  raflaetai  TW,  tha  procedure  to  o lml lor,  aacopt  that  tha  Urchoff  tatttal  condition  lo  atatoi 
la  tha  ray-coatorai  ayataa  >(  tha  raflaetai  ray  with  reflection  angle  t,*H,  aoi  tha  aapUtod*  la  aoilttai 
ky  the  local  Traaaal  plaao  wav*  reflection  coefficient  Kr(rg,*i).  Thua,  ooa  obtalaa  for  tho  lnltlil  eoailtloa 

VV'P*  VVVW^r  ♦^/coo^^1lK*[(pt  -  ^/coo^.^J 
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i  **p{-likl|)a^a(pr/coo»1,  a^/coat)  )  . 

Tha  raflaetai  1WT  follow*  again  from  (2),  with  (5),  and  tha  TPCF  ky  taking^*.  If  tho  Incident  and 
raflaetai  background  raya  a  re  aaparatai  far  enough  to  dacorrelata  tho  eorraapeeding  field  a,  the  rroduct 
<rrtG>  appearing  1m  tha  Integral  for<rg>  can  be  reduced  to  the  product  of  average*.  Tha  aapraaaloo  In 
(31)  la  valid  alao  for  a  perfectly  reflecting  boundary  daaerlbed  by  Kr  ■!, 

At  normal  Incidence,  the  raflaetai  ray  travaraaa  the  aam*  path  aa  tha  Incident  ray,  paaatng  through 
tha  a  amt  lnhonognnaltlaa  In  tha  oppoalta  dlmctlon.  How,  tha  rofaranca  plana  tangent  to  the  latarfaco  at 
tho  point  l(f*0,V  In  In  tha  ray-contand  coordinate*  of  both  tho  Incident  and  rnflactnd  raya,  Tha  Initial 
condition  for  tho  reflected  TW  la  accordingly, 

rr.(P.o.^,>  "X(P.o^b)ri(P,».V  .  (3fn) 

whore  _  ,  -  f  - 

*(?>••%)  “^(P  +  — ^)K*(f  - -^— )  *xp|-tk»ntPr(p  + #r(p  » -j-))|  ,  (Sib) 

o#  +  tc(r) 

^(r)  -  2  dtn(r.t)  (1  +6(r,t)] .  (52c) 

The  average  reflected  lntnnalty  In  the  plane  ro  at  tl«-  range  coordinate  oq  la  than  found  Iro*  tho  formal 
expression  derived  praviouely7”* , 

l(r0.o'0)  -  |  J  dVjdg^dpdar,^,^)  e  X  (p.*.ok)G(p,a, o^|Vl,g|,0)G*(r0,0,o0| p,a,5b) >  ,  (33) 

—on 

whore  generally  all  of  tho  factor*  In  tho  averaging  operation  must  be  kept  Intact, 

B.  Diffraction  hr  a  Snail  Scattarlna  Cantor 

Next,  we  conoldor  a  acattarar  which  la  ewall  with  raapoct  to  tho  local  wavelength  and  hae  a  nonlao- 
tropic  radiation  pattern  so  that  It  can  narva  aa  a  canonical  prototype  for  snail  obstacle  acattorlng  aa 
wall  as  odg*  diffraction.  Tha  previous  raaulta  [IS, IS]  obtained  when  tho  background  aodiua  la  homogeneous 
are  general lied  readily  to  accommodate  lahonogencity.  Invoking  tha  GTD  aaaunptlon  of  local  hoaoganalty  In 
a  coaatant  background  whoa*  value  equal*  that  at  the  acattarar  location,  on*  nay  expraai  the  Initial  con¬ 
dition  for  the  diffracted  TW  In  the  apactral  domain  (a**  Sac.  T), 
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dlffreatlaa  MilltctMt  B(*4.(itk)  htnli  M  tha  ImUwm  ari  diffraction  b|1m  *i  and  %,  niHetlnl; 
ttO).  ul  tht  tfMtnl  f«Mtn  0,  >tg(0)tu  t  ihu  tht  vicinity  of  tht  diffraetad  central  ray.  It  tha 
diffraetad  tty  4(h  oat  waver**  tha  earn*  oath  at  tht  taeldant  ray,  tht  average  lotanalty  distribution  at 
tha  tttit'  yXatt  <u  tf  tht  IttflwM  tty  eat  ha  ohtalaat  hy  at  tat  (Mt! ,  with  (W) ,  fat  baekaeat carte#, 
with  I  tac  mfwtl  hy  a  lit*  aaataa, 

1  h* 
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with  tha  tehcaxuanaoua  background  propagator  0  taken  ftot  ()) .  Tha  above  apactral  formulation  can  alao  ha 
applied  to  tha  atoothly  curved  boundary  hy  ra lac tap  tha  taflactad  apoctra  to  tho  apacularly  raflactad  ray 
paths  tnstaad  of  tha  dlfftactad  patha  aaanatlnp  frat  tha  flood  aeattarlot  cantor  In  (Si),  and  replacing  tha 
dlffractloo  coafflclant  la  (Si)  and  (SS)  hy  tha  approptlata  apactral  raflactloa  coefficient a. 

v.  Tao-folnt  Coherence  faction  fet  Una  Soutta  Incited  »d«a  Plffractten 

In  n  final  example,  ue  deal  with  two  dlnanalenal  adta  diffraction,  which  can  bn  todolad  in  canonical 
torn  hy  an  Infinitely  enteaded  uadg*  that  nentalna  aa  a  apaclal  eaaa  (for  inro  wadta  aa|ln)  n  saml-lnf lalta 
thin  ncroan.  for  elapllclty,  wa  taka  tha  hackaround  nadlun  to  ha  honotanaeua,  hut  tha  aotanaion  ta  inhomo¬ 
geneous  backgrounds  has  alao  boon  established  (16).  A  hlph  frequency  tins  ha-nonic  lino  source  la  aaaunadto 
ha  positioned  aa  In  Flp.  S  In  tha  preaanca  of  a  perfectly  ref  laettnp  wadpa  sabedded  In  a  randan  nadlun.  Tha  illum¬ 
inated  wadpa  face  occupies  tha  half  plana  r  >0,  tea.,  ana  tha  neurea  It  locatad  at  tha  point  r  -  0 ,  ««u, 
with  tha  a  axis  paaalnp  throuph  tha  adpe,  but  arbitrary  source  location*  (not  traatad  her*)  can  alao  bo 
accoaaodatod  . 

Tho  oolutlon  atratepy  In  regions  3,i,5  of  flp.  S,  wherein  tha  warloua  ray  fields  are  uncorralated ,  la 
based  directly  on  tha  CIS  background  fields  evaluated  Individually  along  each  ray.  In  tha  trana it tonal  do¬ 
nates,  where  various  ray  fields  ara  correlated,  wa  employ  tha  physical  optica  (PO)  approx teat Ion  along  tha 
apartur*  half  plana  re  0,  a  -  a-,  for  cht  forward  rapine  1  and  along  tha  ohatacla  half  plana  r  >0,  a  ■  <r, 
for  tho  reflected  region  1.  Tha  FO  flalda  ara  known  to  gonorato  the  correct  transitional  behavior  that 
connects  annothly  In  an  overlapping  region  at  tha  adgaa  of  tho  tranaltlon  aona  to  tha  CTO  field  alaawhar*. 
The  dlffaranc*  between  tha  FO  flalda  and  CTO  flalda  naalfaata  Itself  at  larp*  diffraction  angles  where  the 
FO  adg*  diffraction  coefficient  It  Inaccurate.  All  ratulta  Involve  far  field  approxlnatlona  that  require 
observation  distances  fron  tha  edge  to  exceed  tha  correlation  length  lq. 

V*  begin  with  tha  forward  tranaltlon  region  1  (see  Fig.  S)  and  tha  Klrchoff  (FO)  approximation  to 
establish  tha  corresponding  initial  conditions  te  tho  aperture  plana  at  «  “  *r.  tn  tha  statistically  iso¬ 
tropic  random  medium  with  homogeneous  background,  tha  solution  for  tho  TPCFwith  Initial  source  condition 
I4(P.a.8o)  Jlia(p,i).  and  aenlad  tranavaraa  aum  and  dlffaranc*  coordinates  p  »  Or,  +r2)/(21n) ,  a  •k(r1  -r2\ 
aa  wall  aa  ranga  coordinates- <yi„ ,1a  (aea  Sac.  Ill), 

•  •  .  5  , 

r2(p.f.3)  •  |{  r2. W  +  o( o,  -  5) ,  o)axp(Ite)  |dh  *xp|-kztn  jactX^O) 

0  (56) 

x«p[in(p-v)), 

a* 

whar*  r2,(v.o)  *  |  dar^fv.ajaxpf-ioe),  For  lte*  aourca  excitation  at  oQ  -  IQ  -  B,  (^(v.p)  -  I>(k/*n>«(v) , 

being  tha  source  "strength.  Using  the  solution  r2(p,*,(r)  te  tha  plana  i-xr  allows  us  to  aatabllah  tha 
Klrchoff  Initial  conditions  ((•(!,!■!,)  for  Kaglon  1, 


rlta<p,*,*r)  ”  **p  +  ICT  ***p  '  TO”)  rj(p.a.«r)  ’ 
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whar*  the  t ran  ami salon  function  In  tha  jresenca  of  tha  half  plan*  la  t(F)  >0  or  1  for  r >  0  and  r < 0, 
raapactlya^y^  Than,  the  solution  r2fp,*ft)  for  a  >  ar  in  Roglen  1  1a  given  by  (2)  with  T)t(p,I)  raplacad 
by  "2ta(p.a.*r)  at  %  ■  «r-  Ihla  yields  tho  tranavarao  average  lntanalty  distribution  I(F,D  »‘j(p«f, 
s-0,  i)  te  Kaglon  1.  When  the  refractive  lndax  fluctuations  era  omitted,  tha  Intensity  can  b*  shown  to 
reduce  to  what  te  predicted  by  deterministic  adg*  diffraction.  Tho  deterministic  transition  function,  a 
squared  Fresnel  Integral  (21l,  la  generated  from  (56)  to  (51),  because  of  tho  truncated  integrations,  it 
tha  edges  of  legion  l,  this  oolutlon  connect*  smoothly  onto  those  te  legions  5  and  i. 

te  tha  backward  tranaltlon  region  2,  the  raflactad  and  Incident  flalda  traverse  the  same  tehonogen- 
altlaa  so  that  wa  must  deal  with  the  random  flalda  and  tha  two-potet  random  function  (too  (18, IS)  to  effect 
tha  corresponding  correlation,  Tho  total  fteld  U(r,«)  at  tha  observation  distance  «*  a,  te  region  2  la 
axpraaaod  te  torn*  of  parabollcally  approximated  incident  (uf)  and  raflactad  (ur)  flndls  as 


U(r,a)  ’•ut(r,t)*xp(lk<)  +ur(r,*)*xp(ik(2*r -  a) ) 
Than  witti  «-(k^,)_1  and  the  notation  u(r, o)  *  u(r.o) ,  tho  total  TFCT  la  given  by 


(58) 
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httlH  (•(.  1-0.  yield*  tha  averag •  lot— alty  diatrlbutlor. 

t(f,«) +!,(?,•)  *9(4  (*-*,)!  ♦  «  u^r, a)uj (?,«)»  n»t4  (»,-*>)  •  («>> 

The  lacld— t  field  lntanalty  la  (40)  eaa  be  taken  directly  fro*  the  TPCF  rl(Pi*.*)  la  (51).  For  the  re¬ 
dacted  field,  the  Klrchoff  Initial  condition*.*—  conveniently  axpreaaed  In  taraa  of  the  reflection  func¬ 
tion  h(r)  -1  -t(r).  Then  the  reflected  field  u,  end  the  reflected  field  lntanalty  1T  for  Une  aource  ex¬ 
citation  can  he  obtained  uatnt  the  fomal  uelutien*  of  Rate. 

. 

^(r,i) J  dr0E(r0)Cu(r0,atlo,0)Cu(r0,arlr.a)  ,  (lie) 

I(r.a)  -  ^  ||  d?d*h(p  +  4>R<F  *  4)G(P*:**J0‘0,0)0(*‘*,*r'*'0,*r>  •  (#Ib) 

and  the  explicit  >00— trie  eolutlona  of  the  randan  field  propagator  0  aa  —11  aa  the  two-acal*  expanelon 
aoloMn  of  the  two-point  randan  field  propagator  G  (Raf*.  [18],  [11]). 

Outalda  reglone  1  and  1,  the  incident  field  atrlhlng  the  edge  create*  a  diffracted  flald,whlch  et  a 
"far  am"  ob— rvetloo  point  (a,  a)  (aavernl  wavelength*  Iron  the  edge)  In  tha  for— rd  ahadow  region  5,  ha  a 
the  torn 

“d(V  -  (rao>1/2  uiD<VV'-k)“*<lk0)  •  <62> 

Bare,  u,  la  the  Incident  field  — lue  at  the  edge  (r-0,  a-ar),  and  D(^,#jio,k)  la  tha  edge  diffraction 
coefficient  [20],  with  lg,  h  and  a  deecrlblng  the  lnclden ce,  ah— rratlon,  and  — dge  angle*,  reapectlvely 
(aee  Fig.  3  ).  The  fore  of  *1!  “.k)  1*  obtained  fron  the  canonical  eolutlon  of  —dge  diffraction  [20]. 

To  calculate  tha  average  lntanalty,  —  propagate  tha  TFCF  r2  (—a  (1))  fron  the  edge  to  (°,  ®)  along  the 

alngle  edge  dlffractad  ray.  In  the  angular  apectral  do— In  defined  by  rJ (p , P, ®)  •_/  d*rj(p,alO)axp(-iPa) , 

aha  re  the  apectral  varlabla  o  can  be  Interpreted  aaja  "nlope  para— ter"  (a—  Flga.  1,3)  with  reapect  to  the 
reference  ray,  —  expreaa  the  initial  condition  at  o«0  aa  folio— 

Ik  2 

rj,(p.P)  *  «(p)D(p).  D(?)  -  |D(9.,#1+lsa,k)|  .♦-t*n_1p  ,  (63) 

n 

-»  —  V  — 

where  I,  «<uiug>  la  the  lntanalty  of  the  Incident  wave.  Subatltutlng  (11)  Into  (2)  and  netting  p  •  r,  *-0, 
—  obtain  for  the  lntanalty  dlatrlbutioo  In  region  3, 


btaln  for  the  lntanalty  dlatrlbutioo  In  region  3, 

«*"  *  -  ~TT  fl  )J1 


*xp[lo(r  -  p^]. 


Thle  reault  reduce*  In  the  aba— c*  of  refractive  Index  fluctuation*  (An*  0)  to  I(r,o)  »IjkD(P»r/o)/ 
(2wln9).  which  la  In  agree— at  with  what  on*  flnda  fro*  deteralnlatlc  CTO, 

The  field  In  region  1  differ*  fron  that  In  region  3  only  through  the  additional  preaenc*  of  the  Inci¬ 
dent  ray  field  (aee  Fig,  1).  Since  the  two  ray  flelde  are  uncorrelated  becau—  their  propagation  path* 
aaapl*  differ— t  portion*  of  the  nedlun,  they  can  be  treated  Individually  (Individual  treat— nt  her*  end 
In  region*  2  end  3  appliea  directly  whan  u—  of  a  pulaed  aource  or  dir—  dona  1  rec aiver  alio—  1— lation 
of  dletlnct  ray  arrival*  )  ,  The  int— alty  at  the  ob— rvation  point  la  accordingly 

I(F^)  •  *ug(*4>e*P(lk«j)  +«d(F4)exp[lk(*r  +  oI)]) 

*  (  uJ(Ft)exp(-ik^)  +u*(F4)exp[-lk(*r  +  ^)]) 

■  W  +Id(»4)  +<ut(FA)>«  uJ(F4)»  exp(tk(o1  -8j  -*r)] 

+  <ud(»4)><  u*(P4)>  e*p[ik(*r+o2  -Oj^)]  (63) 


The  dlrac t  and  diffracted  field  lnt— eltlea  can  ba  calculated  by  propagating  tha  dir—  t  and  diffracted  co¬ 
here—*  functlona  along  each  ray  with  corraapondlng  Initial  condltlooa.  The  a— rag*  field*  taka  the  fora 
[10-12] 
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«h(f,«t)>  •  -  |  h*l#(0)*tl,  (64) 

Am  u(r,«)  1*  tha  solution  (or  the  field  la  t)w  rtiau  of  fleeteetleee,  aa d  9t  la  tha  total  distance 
ttnmtl  ngr  (m  aoaroa  to  ataamf.  The  oaaa  eaaalderatieae  affl)  to  the  field  la  Topics  j 

amtM  that  aaa  iatlaMa  tha  reflected  toy  flaw.  Match  looks  Ilka  aa  laeMoat  flail  originating  at  tha 
laaata  aaa  tea  lacatlaa  r  •  0,  >  •  lit. 

la  a  am  eaaprahaaelvs  troataaat  by  tha  author  a,  Milch  alao  illuattatee  various  (moral  consideration! 
that  kill  play  a  tala  la  other  propagation  and  diffraction  problem,  tha  analyala  aumartaod  hero  hat  boon 
(aaorallaad  to  arbitrary  source  looattoa. 
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DISCUSSION 


A.N.  Ince,  TU 

As  one  increases  the  complexity  of  the  GTD  by,  for  instance, 
combining  rays  and  modes  in  guiding  channels,  does  one  not  come 
quickly  to  the  point  where  GTD  loses  its  validity?  How  can  one  be 
certain  of  the  validity  of  the  solution  obtained  in  complicated 
environments? 

Author's  Reply 

The  reason  for  GTD  is  to  cope  with  complicated  environments.  In  its 
range  of  validity  (’’high"  frequency,  etc.),  GTD  is  probably  the  most 
versatile  computation  intensive  algorithm,  which  is  based  on  a  cogent 
physical  paraneterlsatlon  of  the  scattering  properties  of  complex 
shapes.  When  an  environment  contains  waveguide-like  features,  local 
modes  are  the  natural  physical  observables  that  describe  propagation 
within  it.  If  very  many  modes  are  required,  then  the  most  effective 
description  Involves  a  self -cons la te nt  combination  of  rays  and 
modes.  Just  as  for  conventional  GTD,  one  must  establish  the  validity 
of  hybrid  ray-mode  schemes  by  comparing  with  well  computable 
canonical  test  problems.  If  the  test  problem  is  properly 
parameterized,  the  solution  can  be  extended  away  from  the  canonical 
structure  into  a  more  general  domain.  The  key  1b  the  choice  of  the 
relevant  canonical  problem.  The  task  is  not  easy,  but  neither  are 
the  problems  themselves. 

A.  Ishlmaru,  US 

Some  years  ago,  we  made  a  study  of  fluctuations  of  radio  waves  from  a 
spacecraft  when  the  ray  path  went  through  the  Venus  atmosphere  where 
considerable  ray  bending  took  place  because  of  the  large  gradient  of 
the  refractive  index.  The  turbulence  of  the  Venus  atmosphere  then 
created  a  change  in  the  equivalent  Fresnel  size  and  a  change  in  the 
temporal  frequency  spectra.  We  used  the  weak  fluctuation  theory  to 
explain  this;  however,  your  theory  may  be  able  to  explain  this  in  the 
strong  fluctuation  region. 

Author's  Reply 

We  do  not  know,  at  present,  to  what  extent  our  theory  can  account  for 
strong  fluctuations.  Test  calculations  will  have  to  be  performed  to 
assess  the  range  of  validity  of  what  we  have  done  so  far  for  strongly 
refracting  background  media. 


SUMMARY  OF  SESSION  II 


SURFACE  SCATTERING 
by 

Aishimaru,  Session  Chairman 


The  first  paper  of  this  session  was  presented  by  S-AJDeSanto  who  gave  a  review  of  multiple  scattering  theories  for  rough 
surface  scattering.  He  presented  a  summary  of  the  conventional  perturbation  and  Kirchhoff  methods  and  then  proceeded  to 
give  an  overview  of  several  modem  techniques,  pointing  out  a  need  to  consider  larger  height  variations  and  smaller  correlation 
dir  lances.  It  was  pointed  out  that  while  coherent  scattering  is  fairly  well  understood,  incoherent  scattering  needs  further  study. 

The  regions  of  validity  of  several  rough  surface  scattering  models  were  discussed  by  RJ-Papa  in  the  second  paper. 
Physical  optics  and  geometric  optics  were  considered  as  well  as  perturbation  theory. 

Models  of  image  texture  were  discussed  by  Luttrell  in  the  third  paper.  Certain  statistics  of  the  image  and  synthetic  images 
were  generated  by  the  Monte  Carlo  method. 

A.KJFung  presented  a  scattering  model  for  forested  areas  by  means  of  a  circular  disk  model  for  leaves,  and  a  finite 
cylinder  model  for  branches  which  compare  favourably  with  measured  data. 

The  representation  and  simulation  of  clutter  textures  were  given  by  Oliver  in  the  last  paper.  A  correlated  gamma- 
distributed  cross  section  model  and  a  simulation  of  correlated  random  textures  were  then  compared  with  data. 
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A  mtn  at  aaltipla  aaattarlag  tiigrlu  <111  ka  inwittl  till  qailfli  itillntlu  to  aaattarlag 
(na  ni(k  iuIihi.  Ilti  <111  luliA  tk*  liaitatloaa.  ihuUiu  ltd  tup  of  validity  of  loti 
traditiaanl  wttfii  ml  aa  111  IlriUoff  tad  partarkatlaa  ptloli  u  <oll  u  i  dlttttiio*  of  toditt 
wtkodi.  Tka  lattar  laolad*  tk*  lonutil  (Itpia  aatk*d  tlaMgral  aqaatloaa),  tk*  aaootklkg  Mtk*4.  tk* 
ataakaati*  Frntlar  traaif***  intouk  nd  tk*  rpitul  a*tk*4.  tk*  foratt  t*«  aatkkdt k***  it  aaalogta  1* 
tk*  tl**tf  at  nr*  prop* |a tie*  la  r**4o*  aadla.  Ik*  lattar  **tk*4  t*  t*tl*|**l  to  t  a*tko4  <*<*lop«4  ky 
<a  tor  a*att**lag  tram  ptladii  tarf****. 

V*  itt**t  vkat  *•  t*n  tk*  tod*n  a*tk*Mti*tl  tyyroatk  to  tk*it  proklaaa.  I*  tklt  *yyrot*k  tk* 
•n*t  *to*k**tl*  l*t*|r*l  *gaatloaa  at*  11*4  te  4**tloy  agaatioaa  oa  *<*rt|**  of  tk*  ft*l<  qaaatit laa. 
Ik*  tv*  a**t  praalaaat  o***tloaa  at*  tk*  Bya«*  **a*ti*a  oa  tk*  fittt  oooaat  of  tk*  tlill.  taA  tk*  B*tk*- 
8*lt*t*c  ogaatiaa  oa  tk*  ***aad  ao— at .  tor  hooog******  tltf***  otatlotlaa,  tk*  ftiMt  y  1*14*  tk* 
•*k*t*at  ty***ltr  ***tt*tla|,  aad  tk*  l*tt*t  yl*14t  tk*  la*ok»r*at  ao*tt*rla|.  Foraally,  ketk  **a  b* 
•ayt****4  *za*tly  la  tk*  *****  tkat  *11  or4*t*  of  aaltlpl*  ***tt*tia|  at*  latl«4*4,  kat.  la  attar  te  k* 
a«l<*4,  aatt  k*  ayyroilaat*4.  Tk*  Dya*a  aqiatloa  kaa  ka*a  a*l<*4  la  lo**»t  ordtr  ayyrezlaatloa  aad 
lllaatrat**  tk*  a***«alty  at  aslag  aaltlpl*  saattoriag  t**kal*a*a  t*  dtattlk*  *ok*r*at  a**tt*rla|.  Tk* 
altaatlaa  *ltk  tk*  B*tka~Salp*t*r  *gaatloa.  kovavar.  la  aot  aaarly  ao  aell  aa4*ratoo4.  aad  tk*  diffloalty 
•f  fla41a|  approxlaatloa  t**kal*a*a  for  tkla  **aatl*a  *111  k*  41a*aaa*4. 


1. 


Vk*a  aoeaatlo,  *l*«tr*aata*tle  or  claatl*  <*»••  ioplag*  oa  *  ro*|k  aazfao*.  **<*ral  *ff**ta  oaa 
pattlkly  tot*  pit**.  Oa*  la  t*fl*otloa,  <kl*k  aaaifaita  ltatlf  la  a  aptaalat  ntata  of  aoa*  or  all  of  tk* 
iaoldaat  *a*rgy.  A  raeoad  la  *o*tt*ria|.  <kl*k  oaa  ta*la4*  r*fl**tl*a  aad  raf *rt  to  tk*  pr*a*a**  of 

•a*r*y  la  otk*r  tkaa  apaealar  dlriotloaa.  kat  atlll  aalatiag  oa  tk*  aaa*  *14*  of  tk*  aarfao*  a*  tk* 

laildaat  aatrgy.  A  tklrd  la  ttaaaaiaaloa.  <kl*k  1*  aeatt*r*d  *a*rgy  o***rrlag  *a  tk*  *14*  of  tk*  aarf*** 
eppoalt*  to  tkat  *f  tk*  la*14*at  *a*rgy.  A  foartk  la  tk*  *r**tloa  of  war**  <klok  tra**l  aloag  tk* 

aarfas*.  1.*.  aarf***  vavaa,  a*4  4***y  la  a  dir**tioa  *rtk*g*aal  to  tk*  aaa*  aarf***.  Tkla  la  tra* 

<kitk*r  tk*  aarfao**  *r*  tk*  *«*aa.  tarrala,  aatala  or  r**ka.  Oa  y*t  aaotkar  dlaaaaloaal  aoala,  It  la 
tra*  for  atoai*  kaaaa  aaatt*rlag  tram  aryatala.  Tk*  r«aaoa  It  la  tra*  la  tkat  tk*  roagkataa  er  aarfao* 

ktlgkt  k  a*al*a  to  a*<*l*agtk  1.  Tk*  puaaatu  kk  <kar*  k  *  la/1  1*  tk*  <***aaak*r  onara  aa  oa*  of  tk* 

lapartaat  dla*aaloal*aa  paraa*t*ra  of  tk*  a*att*rlag  proklaa.  Roagkaaaa.  tk*r*for»,  dapaada  oa 
vavalaagtk.  A  atapl*  g*aa*trl*al  argaaaat  aaa  *oaflra  tkla  aad  ala*  daaarlk*  vkat  kappaaa  vkaa  a  plaa* 
aa<*  la*id*at  at  aagl*  •  lataraata  oa**  alth  a  roagk  aarfao*  aad  *<att*rc  la  tk*  apaealar  dir**tioa  froa 
it  [1].  Par  utapl*,  a  ray  or  plaa*  wav*  iaaidaat  at  aagl*  •  (froa  tk*  aoraal)  atrlk**  a  ro*gk*a*d 
aarfao*.  If  It  aa*tt*ra  oaly  oas*  tk*  additloaal  patk  l*agtk  It  *xp*ri*a*a*  (aa  oppoaad  to  a  *•<* 
atrlkiag  tk*  flat  aarfa**)  la  *apr*«*4  *a  •  pkaa*  dlff*r*ao* 

if  -  Ikkooa*  .  (1) 

aorraapoadlag  to  tk*  <*rtl*al  (i-dir#otloa)  proj**tl«aa  of  tk*  dova-  aad  ap-golag  traaalt  of  tk*  <a<*  la 
tk*  aarfao*  a*ll  of  katgkt  k.  Tk*  a-*«apoa*at  of  tk*  fl*ld  <ki*k  1*  atagl*  **att*r*d  froa  tkl*  tarf*** 
•aa  k*  *rpr*aa*4  aa 

l'(a)  -  I  *xp(lxk«o*4  *  lAp)  f  (1) 

•kata  ■  1*  tk*  ltyl*lgk-Fr**a*l  r*fl**tioa  oo*ffl«l*at  [11.  If  k  la  a  ato*ka*tl«  qaaatlty  ao  1*  tkla 

aa*tt*r*d  fl*ld  la  Bq.(l).  It*  avarag*  over  tk*  aataakl*  at  aarfae*  r*aliiatl*aa,  daaotad  ky  tka  ayakol  B 

la  focaad  ky  aaltlplyiag  Bg.(l)  ky  p(k).  tk*  prokakll ity  diatrikatioa  at  k,  aad  iatagratlag  froa  -•  to  •. 
Blaa*  B  aad  tk*  pkaa*  t««a  la  a  art  4*t*ralalatle  gaaatltiaa  tk*  av*raga  or  vkat  la  toraod  tk*  aok*r*at 
aaatt*r*d  flald  la 

■!*(*>  •  ■  *ap(lak*oaP>  K  tap(iAg)  (3) 

Tka  avarag*  of  tk*  pkaa*  t*ra  dtpaado  oa  p(k).  For  azaapl*.  If  p(k)  la  a  Saaaaiaa.  tk*  avarag*  la  jaat 
tk*  tvo-vay  Poarlar  traaafora  at  p(h).  vklak  la  a  Oaaaalaa. 


I  *ap(lAf>  -  *ap(-ai*)  .  (4) 

•Aar*  2  *  loot  at  la  tka  laylalgk  roagkaaaa  paraattar  vitk  a  tk*  rai  k*lgkt.  Tka  r*a*lt  •••  k*  iat«rpr*t*d 
•a  aa  attaatlv*  rafl*atloa  e**fflelaat  I  aipl-ll1)  for  tk*  **k*raat  aaattartd  flald.  or  at  aa  addltloaal 
daaay  of  tk*  aakaraat  flald  da*  t*  aarfao*  roagkaaaa  (3.41.  Tk*  raatlalag  aatrgy  aaattara  lato  otk*r  tkaa 
ap*a*l*r  Mglaa.  at  tat*  vkat  la  taraad  tk*  l*«okar*at  flald  vklak  v*  diktat*  latar.  Tk  aoapat*  tk* 
lattar  lav*lV*a  aaltlplyiag  tk*  raadra  gaaatltl**  t*gatk*r  aad  tkaa  avaragtag  to  ooaotraat  klgkar  ordar 
flald  Manta. 
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tto  |N(Nll>(  araaylt  1*  im  •(  tto  iliflul  wlieh  iu  M  dt»  tor  Hi|»  lerfaet  Iti 

mm  it  it  n  aiaylt,  tat  tin  art rag* a  hi  to  ilHitlf  yatfaraed,  it  Hit  it  it  t  latai  fiald 
reyreaeatatlaa,  tkia  it  ektieai  it  tto  iatittat  tialt  it  t  tty  tiaaa  aaiy  a  latai  aarfatt  ataa  it 
illaaiaatti.  Ia  taat  it  it  Jtel  yaiat  Mlttariat.  flat  aa  iafiaita  ylaat  tatt  iatittat  ta  aa  aatoaattt 
flat  aarfatt  tkt  laaality  it  a  taalt  at  tit  iagaaaratiea  at  th*  adattarad  (tytotital)  kaytaaa  aattltti  all 
rtaaabiaiag  iatt  a  tlafla  ylaat  attt  fttyuiliai  at  tkt  tyttalar  tajlt.  Itoa  at  tlaaaaa  aatt  rtaliatit 
atattttlat  aatali,  tkt  laaality  yrtyarty  ia  tkt  tetania!  atlt  ttaat  it  laat. 

Ttort  an  tktat  iaytttaat  italt  laagtkt  tat  aarfatt  ttattariai,  X  (te  k>,  a  («  h)  tilth  ia  a 
tattiaal  Italt,  a  at  a  tor  it  tat  a  1  italt  1>.  tor  a  dttaraiaiatia  ytriodia  aarfatt,  L  ia  tkt  yttiat,  Vet  a 
•tatlttital  aarfatt,  L  it  tkt  larrtlatiea  tlitam,  tkat  tiataaea  etir  akitk  tkt  aarfatt  tottatt 
ttatiatiaally  lifaititaatly  differeat .  It  it  aaaally  takta  aa  tka  1/a  talat  at  tkt  tatttlatiaa  taaatiaa 
dtfiaad  ktloa.  Itriatly  aytakiai,  aa  kart  aaaatot  tkat  Ut  tarfatt  ia  iaatrayia.  ae  that  aa  aaly  kaaa  a 
aiagla  kariaaatal  atalt  ItayU.  Tto  Mat  at  iayortaat  fiataalaalaia  yaraaatar  tilth  tkaa  arltta  la  tka 
aityt,  t/i>,  tkitk  ia  a  yartly  yaaMlfital  gaaatity,  iatiytataat  at  aattUaytk.  For  aarfataa  aith  aka  1  lot 
•layt a,  akitk  ayytat  ta  tka  tya  aa  |tillr  aatalatiay  at  tot  lag  a  larya  ratiaa  at  aaraatata.  tiagl,* 
aaatttriai  tkawiti  aaa  atoty  altktayk  tkty  aay  aat  to  laaal  tkaorlaa.  Tka  Claakkatt  tka  try  tiaaataat 
tola# 'la  aa  tatoyla  af  a  aat-laaal  aiaglt  taatttt  tkatry.  Tkt  Utaitiaa  mm  far  tkia  la  tkat  Tec  a 

?aatly  aadalatlag  aarfatt,  laaally  aytaalarly  raflaatiag  aaaaa  trataraiai  a  gteattrltal  yatk  till  aaat 
iktly  aat  raflaat  aft  aaafktt  aarfatt  yaiat.  Naalaatllty  la  aaaaaaary  te  taka  iatt  aeteaat  at  (att  tkat 
Ut  fall  ttattariai  taaalata  of  aity  total  artaa  diatribattd  aaraaa  tka  aarfatt.  Tktaa  mat  to  altai 
taiathar  ta  yitlf  at  tot-.l  atatttrti  fitU.  far  aarfaata  aith  large  aleyaa  ar  kti|kta  (kt)  aa  at  eritr 
of  oat.  tat  a  a  art  trayyad  la  at  atilt  aat  art  aaltiyly  atatttred.  Ia  atat  lialti  a  yartly  atoattrital 
atary  to  tom  a  iat rat table  aat  teal teal  aatt  thaoratital  aatkoda  aatk  ta  iatairal  aiaatieaa  art  aatt. 

A  farther  atoekaatia  Ataariytiaa  of  at  aarfua  aata  at  aorrelatiea  faaatiaa  C(*t)  thart  i,  -  (a,y) 
ia  tka  traatttrat  aaordiaate  two— ttater.  It  it  dtfiaad  aa 


a*C(rt>  -  I  h(r')  h(«t*  *|)  .  ti) 

vkart  at  atatiatieal  avtragiag  iidltatad  by  B  oytratta  aa  ttarytklai  to  ita  right.  It  ia  eryrataed  aa  a 
faattiaa  oaly  of  tkt  iifftrtaat  of  eoordiaatt  dtptadaaeta  at  at  htight  ttraa.  Tka  attaHytlaa  ia  aat  at 
tarfatt  ia  atatiatltally  hoHogtaaoia  or  atatiatiaally  traaalatieaally  iarariaat.  Hot  all  aarfataa  aatiafy 
tkia  yroyarty.  bat  aoakaHOgaaaoaa  atatiatitl  ooaylitata  tkt  daaoriytioa  teaaidtrably  tad  at  do  aot 
toaaidtr  llta  lira.  Tkt  Poarier  traaafora  of  tkt  oorralatioa  fatotioa,  tkt  ayaatral  faaotioa,  oftta 
ayytara.  It  ia  dtfiatd  by 


«(kt)  -  e*jj  c«rt)  ery(-ikt-rt>  drt  .  <«) 

For  iaotroylo  aarfatt  atatiatiat.  aaalytloal  oorralatioa  faattioaa  aaoh  aa  a  Gaaaaiia 

C(rt)  -  try(-iJ/L*)  .  (7) 

art  oftta  aatd  for  aaoratiaal  yaryoatt.  Praatioal  ayaatra  hotavtr  hart  both  a  lotar  tad  ayytr  tntaff,  aa 
aagalar  dtytadtatt  (aaiaatroyy)  tad  oftta  aypaar  to  fall  off  aa  a  yaatr  of  at  wtrtttabtr. 


For  aaall  haigkt  relata.  tkt  boaadary  eoaditioa  oa  tkt  roagk  aarfatt  oaa  to  txyaadtd  ia  a  yottr 
ttriat  la  k  {31,  For  txaayit  tkt  Diriehltt  boaadary  aoaditloa  (tor  a  ytrftot  ooadaotor)  it 

***b*  "  •  i  (k  "  (r.y.h)  .  (*) 

Bryaadiag  tkia  eoaditioa  ia  a  Taylor  atrita  aboat  h  •  0  tad  droyyiag  tana  of  ordtr  k*  aad  bightr  yitlda 

«(rt.O)  ♦  (rt.O)  -  0  .  (»> 

•kart  to  aia  ordtr  at  ayyroxiattioa,  at  aoraal  darirativt  ia  ayyreaiaattd  by  at  x-dtritatlrt.  If  h  ia 
a  read  oh  gaaatity,  aa  try*  ad  a*  field  late  a  ataa  (aatraat)  yart  If  aad  a  atothaatit  (iaiol  treat)  yart  a 

I  -  I  i  ♦  a  .  (10) 

Artragiag  aad  teat  algtbraie  aaalyalatioaa  yield  a  boaadary  eoaditioa  rtlatlag  tkt  eohtrtat  aad  iaeoktrtat 
flelde 


«  »  ■  -I  I  ta/lx  ,  (11) 

aad  a  taaoad  boaadary  aoaditioa  oa  tie  laaeltraat  field  gitta  by 

•  hjjll  .  (11) 

Thai*  boaadary  aeadltiaa*  rtflatt  at  latirrtlatiaaakly  totaata  tatrtat  aad  iaaokaroat  fitlda  tkitk  ia 
a  lie  yrtatat  aft  a*  kaamdary,  ft  hat*  already  aaatioaad  a*  deeay  of  tkt  tekartat  field,  aad  tfct  fait 
that  tka  tatrgy  taaylta  iato  at  laeaeraat  field. 


4*3 


It*  **ft***l*a  *4  tk*  Un>iml  HtU  ml**  t  *«yl  etfk  lUltutlM  l«mli  m  to  nH  t*  lutn  i 
***-l**ai  toutot?  wtoltlH  w  tto  ,*«>»«*ht  fl*U.  It*  >mhi*  naditl—  I*  *f  i*v*d*m*  tyy*  U  ton 
It  lavtl'ni  talk  it*  fltld  tad  It*  Htilntlti.  aim*  Ik*  f*rt*tb*tl**  *mlyal*  *1*11*  ittiilln 
Mtomi  toulti*  madtti***  m  tk*  t!*t  lutm  •  Klimt  tl*M  «xf**»U*  t*  ua*  *t  fit**  lutliit  **t 
•MtttMd  *****  Ml  I*  «*IIM*  *• 

■  l(|>  “  trfdk,-  i()  [  *xf(-ik(a>  *  I  axfdk,*)  ]  •  (1*> 

•k*m  Ik*  *tf**tf*«  (*fl**tl**  *o*ttl*i**t  t  *u  to  *rltt*a  a* 

I(kt>**«*  -  1 

•  ‘  m^rsarrt  ■  <l<> 

•Ilk  I  ut-lHiUr  **l*l*4  t*  tk*  •**t*l*ti«*  faaatlaa  *• 


I(kt)  ■ 


Ik,.* 


11a 
*  -*0 


•*» 


♦  .v/#] 


(r[*  .V'* 


C(*t>  *i*(lkt'r,)  d*t 


(IS) 


Tk*  ttin*  1*  *o*-l***l  t*4  i***l*«*  *«a*  aaltlfl*  *a*lt*ti*|  4*»  te  tk*  fartirbatio*  tulril*.  Tk*  fora 
at  tk*  *a*t*l*tio*  f«B*tio*  Halt*  tk*  4eaala  of  tk*  l*t*t***4  1*  I*. (IS)  ta  tk*  **|ia*  *ba*t  *t  "  ®* 

Tk*  ia**k*r*at  lattaeity  *t  tk*  tl*14  folat  |  ■  (*t.i)  1*  |tv**  by 


•  |*(«)  |*  -  I  k***»!  «(kj  -  k{)  .  (14) 

*k*r*  X  1*  tk*  ratia  at  aerfaat  •*•*  lllaai**t*4  41*14*4  by  14**,  *,(»)  i*  tk*  aoarea  (i*a*l**t)  k*i|b( 
•bar*  *  a***  *l*a*.  B,(t  )  tk*  radial  41*t(*«*  f rea  tair**  (raealvar)  failtle*  ta  *ow  a***  folat  *t 
■Itkla  tha  ill'mlattad  *r**,  I  I*  tk*  «f**tral  f*a*tie*  4*fl**4  la  ■*•(()>  **4  k{  tad  |j  tk*  barlaeatal 
«oafOM*t*  at  tk*  **att*r<4  >*d  l*«14**t  «**•  mater*  4*ti**4  b y 


k*  "  k. 


‘V  V 


K“  *|>*  ♦  *‘] 


**4 


(17) 


k 


1 

t 


■k. 


(It) 


It  b*  *••*  froa  I*.  (IS)  that  1*  tkl*  approx laatioa  tb*  iasobtraat  iataaaity  la  aaaaiti**  ta  ally  a 
•tail*  apaotrel  aaafaaaat  |i**a  by  tk*  diffaraaea  b*t***a  la»i4*at  tad  **att*ra4  **▼«  vaster*.  Bran 
•aattariat  eaa  b*  4*ri**4  traa  this  raaalt  (4). 


A*  a*  pravioaaly  *tat*4.  f*rtark*tiaa  tk* ary  larelvaa  tea*  aaltlfl*  ttttttrit*.  tkl*  la  ebvlaat 
•laa*  la  fartarbatlea  •'  vary  a*  **a  eaaat  tk*  lat*r**tl*a*  altk  tk*  aarfa**  by  *aaatla|  the  aaabar  of 
tlaaa  k  oottrt  la  fomltaa.  Tk*  ia*ek*r*at  lataaalty  ter  tttayl*  I*  r*l*t*d  to  tk*  ayoetral 
faaatlaa,  akltk  a*  *rfr*a**4  a* la*  a**oa4  er4*r  t*ra*  la  k.  Tkl*  aaaa*  that  tka  tkaery  1* 

r*atrl«t*4  te  taali  vtla**  at  k*  oa  tk*  ardar  ef  0.4  (7].  I*aoraalia*tiea  mtkeda  **a  k*  a**d  ta  axtaad 
tkl*  aaamkat  (I). 


S.  Wri  IBM  AW  MUBU  SCA11U1M 

la  ardar  to  *xfr***  tk*  aaltlfl*  latario tlaaa  aklek  cat  a***r  at  ■  vary  ra**k  aarfao*  a*  a* at  raaort 
te  aert  rltoroaa  aatkaaatiaa  aalat  8r**a'a  tk*or*a.  Ik*  yrooadar*  1*  ta  a**  6r**a'*  tkaorta  ta  arlt* 
tata*ral  r*fr**«at*tl*a*  at  tk*  fl*14  la  tarn*  of  larft**  valaaa.  tad  tk*a  te  fia4  tk*  aarf a*a  vtla** 
■ala*  l*ta*r*l  tfaatleaa.  Tk*  a*tko4  eaa  b*  *t*4  far  bath  f*rf**tly  rafliatia*  frablaat  (aklek  a* 
Ulaatrtt*  kart)  aa  vail  at  traaaaiaslea  frebltaa.  V*  Ulaatrat*  tk*  a*tke4  briefly  a*  •  scalar  yrobl** 
(11  elaat  It  1*  aiaflar.  Tka  *laatrea*|a*tl*  raialta  are  fr*a*at*4  la  (10).  Tka  fltld  qaaatlty  above  tk* 
•*rf*«*  a  •  k  aa*  b*  arittoa  far  tfkarital  aav*  laaUtae*  frea  *  aeara*  poiat  g,  ala*  laeatod  abav*  tk* 
tarfa**  aa 


l(r '  (*.*,)  *  ;  J  l  o'(r.rj)  l(xj)  -  t(«j>  j|r  >  ]  40*  .  (1»> 

akar* 

•'<*•«*>  -  **f  [  Ik,  I*  -  i,|  ]  /  4*  1*  -  |,|  .  (ao> 

ta  tk*  ft**  if***  draaa'a  faaatlaa.  at**catlaa  1*  *eafta* 4  ta  tk*  r*a*k  *arf**a,  *a4  ■'  1*  tk* 

■art***  a**a*l.  It  b*tk  §  aad  It*  .  <■  *.  dtrivativ*  aa  tk*  aarf  ta*  **ra  torn  **aatlti*a,  tk*  rtlatlo* 
H.(ll)  maid  *****  t*  tlx  tk*  ml  a*  at  t*l*t  I  1*  tk*  (1*14  flat*  0*  I*  frfllaltly  kae*a.  Tka**  at*  la 
l*a*x*l  aet  tarn*  aad  amt  b*  faaad  a*  la*  iat**r*l  t|aatiaa*  dl**m**d  k*la*. 


1— nl  mtlilnw  fwaliM  a*  tkit  IliMi  in  intil.  N  a  IHtiHU  Mntotj  nUillM  (It 
. — r_.._  mnnn)  n  km  it*  <1*14  hiIiuii  aa  it*  kmhir 

»(*k>  »  •*(ik.i>)  ♦  l*(^)  -  •  .  (id 

ikm  n'n  tnniHl  i  u  iki  in  <(  Inlliit  filil  hum  flat  iiittml  fl»U,  tai  Ui  ihhI 
trtmhi  tnUU 


n  «<*,>■  •  <“> 

Tkta  it  >klt  liffiil  tt  t  tlm  lattrfaaa  aa4  It*  4tM>tlltttiM  hit*  it  IMinnHi  It  ki||lltli  tt  t 
film  titk  a  tilt  tt  latal  tattttt  tt|lt  tai  it  ttfirrti  It  tt  tkt  ttagaat  ylaat  inralntiia,  ImihI 
Ttrtitat  at  tkit  art  rrtllaklt  tilt  ta  aMitlaaai  tfftatiaaliaa  aa  tkt  a  trail  itriTttivt  tkt  tkna  atia 
aatt  yial4  ta  tsgcattlaa  tar  tia  aaattaraA  tit!4  at 

!*(«>  -  |J  E(jt.j^)  •*(|.|^>  *'<lk.I,)  <>t  •  ,M) 

tiara 

K(t.a^)  -  2i  *  • 

i<»‘  (**) 


[  -n  »*  •  i 

4tfta4iag  aa  lit  tattiaa  at  lit  tkeery  taa4.  Ha  flail  ttrtlaa  aaa  la  4ttitt4  kata  aaiag  (II) .  (21) 
aa4  (22) .  Tkt  aaaaai  taaaiaa  it  4m  ta  lakart  14]  ta4  it  aatiftaati  aa4ar  tkt  iataraktata  j‘  H*1. 

A  fall  (Bttt  fat  katk  titl4t  «itk  yltat  ttta  iatUaaaa  I*  ata  ka  aaittaa  (atlai  Ua  taaiaat  fltaa 
taitnaat  alma)  tt 

•  <*„>  -  (1  1  «)  «*<»,>  .  (15) 

aa4 

I*  «(gk>  -  i  <l-i)  k*  •  ■  «‘<|k>  .  (14) 


altk  •  tkt  caflaatiaa  aaaffiaiaat.  Tkit  it  rafarta4  ta  tt  tka  Eirakkaff  ayyrtiiaatiaa.  Ia  tkt  fat  titl4. 
t*  kaaomt  t  tgkarlaal  It7|taa  tattlit  titk  aa?liti4a  A  (a  •  |g|) 

**  (a)  -  A<*,.*,)  a at  (ik,*>  /  Asa  .  (IT) 

*ltk  *a  aa4  ta  tka  iaaiAaat  t*4  taatttaia*  taglaa.  Tkt  aatlitaia  tat  la  aaittaa  far  t  aaa-Aiaaaaiaaal 
tt atiaa  ta 


A(*,.*,)  -  U,  [  a st  <-lk,a‘a,  -  ik.k(s')*,)  (k  -  a')  4s’  .  (22) 


tktra 

a,  »  tia*,  -  tit*,  ■  tat*,  ♦  tat*,  (2*) 

aa4 

a  -  ala*,  ♦  lit*,  ♦  a,*  k  -  tat*,  -  tat*,  ♦  2,2  (30) 

Tka  faaatlaa  A  it  alto  tifatat*  ta  ti  tkt  aitfata  iattaattiea  ftattlea.  It  tilt  aataa  ia  eta  4iaaaaaioa 
•f  aaltitlt  tatttaaiai  kalot  tt  will  ttakai*ttt  ta  ttaat|t  it.  Itat,  katk  tkt  ttataat  ylaaa  ta4  Eirtkkoff 
aaaaltt  art  aaa-loatl  rttaltt  tlaat  tkay  latoltt  t  tia|lt  iatagaatioa  otaa  tkt  taaftta.  lotaraa,  aota 
tkat.  talika  ttatmakatloa  tkaary,  tkt  taaftta  kti|kt  k  ttttat  ia  tkt  rktia  aatkaa  tkta  tkt  aaglita4t  (tt 
la  gattatkatiaa  tkaaay).  Tkit  att  tlailaa  ta  tka  atalita  Aiataatioa  tktaa  at  a rota  tka  a lay  la  ray 
aaittaaiai  ratal t  at  a  ykatt  ya tk  ntiakllity. 

fa  kata  illaitrata*  a  kora  tat  atyt  af  ayyroilaatiag  tkt  taaftta  ttlMt  ia  aa4ta  ta  ttlaalatt  tkt 
tattl  fill*  fata  If. (It).  Klgoraatly.  kaataa,  tka  at  tiafait  talatt  aatt  kt  fata*  ia  t  tilf-iaatiitaat 
Mama  at  aolatiaai  af  iatagttl  agattieat  aa  tkt  tasftta.  At  aa  txaanla  af  koa  ta  aaattraat  eat  tt  tkt 
tgMliaat.  aktttt  tka  kaaataty  aaalitiaa  *4.(21)  ia  ■*.(!*) .  tka  fatal tlag  fitli  aagaataaUtiaa  it  tkta 
Attfagaatiatt*  la  a  aafatl  41 tt at lot  aa4  tkt  liait  taka  a  tt  tka  fill*  yaiat  g  tgyraaakat  gk,  t  tasftta 
gala*.  Tka  aomal  4tri»tti*a  af  tka  fsaa  tgaaa  ttaaa'i  faaatiaa  f*  ktt  a  4iattatiaiity  ia  tkit  liait. 


4*5 


Alt  mi  w  tmtil  1IU11  by  iluilul  mu  (ID  «  tally  IlitiintlM  ttutj  111.  n»  mmIi  It  U* 
(■Mini  Htttita  tf  MHtl  kM 


•**  *K>  -  «  i-  •*<!..*,)  ♦  |J  »*(ak.v  A  .  <») 

H  I*  H 

tint  V*  I*  Mt  yalaaiyal  ralaa  tl  at  mil  Itthtltn  it  «*  nilutit  ee  at  tarttat  tw  taU  uiliklit 
t»l.  t  tall  aalattea  at  Uit  aa  tar  tateyctl  ayaatlea  it  t  aaitiylt  material  tel at  lea.  Matt  ait  It  at 
atglaat  tta  iatayctl  tin  ia  By. (31)  at  Jatt  raearex  at  tyyrailaaUna  M.tU).  la  ait  mat  at 
talatlm  at  at  tall  ayaatlea  tat  Hi  aa  at  tyyreiiaatlea.  taaleyeta  iatayctl  tyaatieat  tta  ta  taaat 
atiai  Oa  hart  Rl  tleattamyattia)  kinittr  aaatitiaa 

K  «  t|fc>  -  «  .  <*»> 

la  aMitita.  It  t  llaata  aaakiaatiaa  at  Oa  tlalt  a  at  lit  aaral  ttataatiat  a  tat  at  •  at  Oa  kmiut. 
tarttac  iataaral  Haitian  aaa  ta  taaat.  Alt  ia  atllat  ta  iayttaaat  aa  LaaateriU  tatatarr  aaatitiaa 
till. 


Tka  atari  taaatixy  aaatitioai  rafar  ta  yartaatly  ratlaatiai  itaklati  tat  lttal  taaat try  taatltieat. 
Tta  atari  aaaatlaat  aaa  ilia  M  tatittiat  via  ma-lattl  tamaitry  aaatitiaa.  Eyaatiea  (1»  att  tarirat 
ta*  aa  tialt  aat  taataa  faiita  abort  tta  aarfaae.  It  aa  tiatt  yoint  g  it  talar  at  tartlet.  at  lkt  at 
■l.(M)  rtaiaat  tat  aa  yet 

«  -  «'<*..».>  ♦  |J  [  nr  -  «<«i>  |Jr  J  «’  •  <«> 

altta  aa  tttam  att  g,  it  laatriittt  ta  tta  ralam  talaa  tta  tart taa .  Tta  taaaitry  aaatitiaa  ia  t  reltaa 
fceaatarr  cnitti*!:  «#  m-lml  liau  it  aentaiai  ta  iatamtiaa  orar  aa  aarfaaa.  It  tlaa  laralrat 
taa  aa  tialt  tat  itt  aarail  iarirntlrt  aa  aa  tact ait  tat  it  yretlttly  att  taaattfr  aaatttiaa  aitii 
axtiayaitkae  tta  laaittat  tialt  talaa  tta  tartiaa.  It  it  aallat  ta  ntaatat  taaatary  aaatitiaa  at 
axtlaatiaa  tkairM  [13-171. 

Ia  ana  tta  taa|k  tattaaa  it  rally  aa  iatartira  atyarttiay  taa  titfattat  mtla  (taa  tlaita.  taa 
tialaatriaa  aa  taa  alaatli  natii  tat  aitayle),  Bteaa'a  ttaeraa  aaat  ta  a  tat  tafttataly  U  aaat  aa'na. 
tactaaa  Haiti  tea  tlai  aaat  ta  flat  eeaylti  iatayral  HUtiaat  tar  at  tactaaa  aalatt  at  aa  title  aat 
tta  aaral  tarirttira  tll.lt).  Via  ta  mata  aa  Ua  rayraeeatttioa  at  tta  tialt  la  aittar  ra|i«  (rally 
tta  tall  Breea't  taaatiaa  at  aa  yraklaa)  it  ia  yattikle  ta  tacira  t  tiajla  iatt|Ctl  Hattiaa  tatittiat  by 
Ua  laaacaliaat  catlaatiaa  aaattiaiaat  (101. 

llaatraugaatltally.  if  tta  cailaa  atari  aa  tactaaa  it  fata  tyaaa .  tat  aat  talaa  it  a  jirtiit 
aoadaator,  aa  tta  rnprt nit  tka  tatttacat  alaatcia  tat  ai|attia  tialti  ia  tami  at  ■  qnatlty  J  calatat  ta 
tka  tcaa  aactaat  cacrait  by  tka  Jtaakita  at  aa  tciaaf  emit  lea  tataaaa  at  tactaoa  tat  tka  tint  ylnne 
[ID.  Tkay  tea 


■'<*>  - 1  x  jj  n; 


(34) 


tat 


**<*>  -  *  %  t,"‘  •  x  ;*(i)  .  (M) 

atari  a,  it  tta  aktctattaittla  layattaat  at  tcaa  tyaaa.  iiyaytatia  ctyraaaatatiaaa  at  aaaa  ayaatieaa  tea 
alaa  trail tbla  (ID.  la  actac  ta  talra  aa  tyaatiaaa  acaatly.  tka  tactaaa  ralaa  at  at  airrtat  aaat  to 
taaat  aaiay  aacftaa  latayctl  ataatiaat.  ia  a  tiratt  tatlayy  aia  Ut  italic  Malta.  Her.  tararer.  aa 
tare  avatar  Haatieaa  ta  tolra.  Tkara  tea  taa  ra'tieaa  at  aaat  aactiat  iatayctl  ayaatieaa  (13). 
tayaatlai  aa  aa  iaaitaat  tialt  t tea  wkiek  aay  tea  tarirat.  If  lla  aftatiaa  ia  tarirat  tcaa  ta  iaaitait 
alaatcia  tialt  I*  it  it  atllat  Ut  alaatcia  tialt  Iatayral  Haitian  (Wit)  tat  it  ta  iatayctl  Maitioi  at 
tlcat  kiat.  It  it 

a(*t)  Xl^tg)  -  litat)“‘ S(at>  X  JJ  (kjj(i^)  -  tt*  £t)  t*(^.c’)  tat  .  (It) 

akaca  I  ia  Oa  aait  tactaaa  aaral.  a  it  tictaltc  freyaaaar,  tat  at  it  Ua  tcaa  tyaaa  yamittlrity.  Tka 
Ua  at  By. (St)  la  taaaa.  Fax  ta  iaaittat  ncaatia  tialt  I*.  aa  yat  Ua  aiyaatla  tialt  iatayctl  ayattiea 
(WH),  ta  eyaatiea  at  Mtaat  kiat.  It  it 

Kly)  -  iy<*y>  ♦  *  •(«»>  X  ||  He*)  X  I  •*(ik.»^>  tej  '  .  (37) 

atari  ]|  it  Ut  licaktoff  lyytaiitatlaa 

Jf(«k)  -  1  8(at)  X  ■l(«fc)  .  (St) 

tltacaatirely,  aactaat  iatayctl  aymatiaaa  tta  ta  taxtrat  aa  tta  licit  ralaat,  lac  acmyla  *ec  t  yartaat 
atyaatia  eeataatec  (10).  Far  ytef tatly  aaataatiay  tactical  aitkac  aattet  at  talatiaa  tax  Ut  aacftaa 
tarttat  my  ta  aaat  (14).  Fee  aaa-yerfeet  leatatteca,  aaaylt#  tatftta  iatayctl  tyattiaat  tea  aaat  ta 
talra  tax  tka  eyalraltat  alaatcia  aat  myattit  tacxtatn  aa  tka  tactaaa  (IS). 


4* 


IW  MfMMMlttMl  Id  til  NiUiHl  tltll  *•  !«•  IlMtiltl  «  tt  W  fcttl  tall  U  mHltata 
■PM*,  ka  lltatMIbl  nfNNItltlM  I*  U  iqNII  Ik*  IMIIIH4  fi*u  ll  *  hlltll-UlllllBI  «t  *f**tttl 
npiMtUIlK.  Thl*  Hulili  la  a  taMlmu  alia*  am  mttiaii  af  Ik*  hiiunI  lull,  t*  Ulaatiat* 
Ik*  miM  («•  a  awlkiailMil  lirtlM  a  •  k<a)  f«  itafillltf  tW>  *at  i|*ta  Mafia*  Ik*  ttimsiaa  I* 
•Mlu  ftaklM*  akll*  f*laU*f  *al  *k»i  Ik*  «l»*lfaa*t**lli  main  in  mllilli  CM).  «*  il •» 
lUaMMla  Ik*  taaall*  In  a  mil  litartin  ******  Hal  I**  tltfmal  flaU*  «tlk  4*a*ttU*  *,  lai  **>  »■* 
•■•t  «W*  a.  mi  iitim  aakkata  kt  Ml  I,)  all  af  «kl*k  a**  **a*taat.  k*|t*a  I  I*  aka**  tk*  »*tf***. 
•al  t*|l«a  t  lalaa.  Tk*  *»*««*a*all*|  lliitmnmli  ***11  *a  la  aa  laiaitaaa  mm**H*i  ***  I  if  final 
<tal**l»laa. 

Ik*  fl*U*  la  Ik*  taa  r*|iaa*  Nllilr  <lff*r*atl*l  *aaatlaaa  at  Ika  la*  (j  »  1,11 

<•*  ♦  •*  ♦  kj)  Ij(i.a)  -  •  .  (II) 

fat  ylaa*  am  ia*t«****  la  *a|laa  1,  aa  aaa  tltacaaal?  *******  tk*  Mill***!  Mill  »•  t  alia*  »»*« 
*a**t*al  nMkwIi  at  Ml)  **t*l»i  •«**•  itan  ik*  klgk**l  •*(ta**  aiaatalaa.  tkl*  It  k**aaaa  at  tk* 
k«rl*l|k  kn*lk»*U  tni.  Bat  Ikl*  1*  *I1  a*  ***t.  Mac  a  i  a*i  k(a)  (t*|l*a  k),  Ika  aalatlaa  la 


|^(a,*l  ■  •  •**[  iljM-k)  ]  ♦  J  l(»l  •*»[  ik1(*i  ♦  at)  J  I* 


(40) 


«k*r*  aka  l**lt*at  fl*a*  art*  la  aataallaat  la  k,  a  ■  ala  »„  |  hi  I.,  ak*r«  I.  1*  tk*  la*t4*al  **|l*. 
•at  a*  ♦  a*  •  1  altk  k»(a)  i  0  t*l  lta(a)  1  0.  Ik*  *a**lt*l  aaallltf**  !<*)  at*  taka  an.  k*l*a  tk*  Imit 
*a*t*«*  aaiacalaa,  ■  1  at*  k(t>  (t*|l*a  I).  Ik*  **l**t*k  1* 


Ig(i.a)  •  |  ■(*)  •**[  11,1m  -  **)  ]  t* 


(41) 


*k*t*  f 1  *  a*  a  1  aat  I* (a)  1  |,  b(|)  1  I,  tkl*  **ul*t*  la  *a**la  4**a-|*l(*  tmi.  Ik*  M|lUitn 
■(a)  *i*  Ik*  *tk*t  nknnt  »t  tka  a*«U*a. 

It  ••  latcat***  a  a*a*laa*i(  *a*l*t**  at  kloak  taaattaaa  I*  kalk  ngiaai  (Jail  *r  •*<  ta**-|*i*l 
Visa*  *M*  *ttt*s  k***).  **r*r  **t  tiMi'a  tk****a  ia  k*tk  taalaaa,  *al  at*  Mattaaity  aaalltlaa*  *1  tk* 
lalstf***  a*  **a  tail**  tut  m«t  H**tl*u.  Ik*  tint  Is*  yt*lt  tk*  t*at***al*ll*at  *t  tk*  Maylltata* 
•* 

*U>  -  J  [  [  a  -  pk’(«)  ]  «*)  ♦  MU)  1  *sv[  -»kt(a  k(*>  ♦  **>  J  4*  .  141) 


Mi 

■(»)  -  (k,/4n>  J  |[  a  ♦  ak'(»)  )  a"1  Fd>  -  «'*  hu>]  •*»[  u,U  k(»)  -  **)  ]t*  .  (4i> 


la  l*caa  at  Ika  laaaity  rati*  a  »  »,/*,.  tka  ««*•  aaak»»  tall*  I  •  k,/kt.  aat  tk*  atom  sarfaat  tl*lt 
F(*)  *at  ll*  aaaaal  iattoatl**  MU).  It***  l*lt*t  lit  t**at  f**a  tk*  *Myl*t  *a*atta*a 

*(«-*>  -  (k,/4*|k)  |  |  [  a  ♦  *k  (s)  J  Mi)  -  MU)  J  •**  [  Ik,  (ak(*>  -**)]*»  >  till 


tat 


•  -  f  "  M  «  -  ak’u)  J  »■**  Mb)  ♦  «"*MU)  1  •**[  -Ik,  UkU)  ♦  »■)  ]  t*  .  MS) 


4a**  tk*  tact***  nla*  at*  kataa,  tk*  ia>llt*t**  na  k*  llnill;  ***v*t*t  tram  la*.  (41)  **4  (41),  •*  in 
tkaic  *t***i*»  Uk*a*  aksalat*  ******  yi*lt»  **k***at  Imlsaiity)  a*  «**rt|**  *f  a**4**t*  <U*ak***»t 
Ul*a*ltv),  *!*•  HI  *t  tkl*  a***«aa*i**  •*  ***  **a|*t*  •*  *aft**la*t*  tk*  I*r<**«  nl**i. 


s.  rontnct 


t*  kn*  a*atl***t  *Utl«tl**l  •'••**•1*1  **k*|  tk*  *a*nt**  ■  ttiitlr  ilmty.  Tk*  1**1*  firtli*  *f 
r**«k  nrfi**  uitHilil  f**a  a  taataa  *irft**  l*  t*  t*l*t*  tk*  *t*tt*t!*s  of  tk*  >**t«*«  to  tk* 
*t*tl*tU*  *t  tk*  tt*lt,  tat  tk*  ntf***,  tk*  k**l«  t***tltl*«  ***  til*  pmilllty  tsaslty  *t  iwftM 
k*l|kt*  »(k),  *tt*s  *k*M*  t*  •  taviiUa,  t*4  tk*  •**i*Utl*a  f*a*U**  ■*.(!),  or  It*  taidar  traasfon, 
tk*  «B**tral  fa**tl*a,  •*.(*). 

Tk***  *n  tw*  *fa*«**k*(  t*  1 1*41*1  tk*  (**t*t*  a**v**tl**  *f  ti*lt*  at  a**M*t*  af  fl*14*.  0m  I*  t* 
t**at  tk*  tiifiM  ***tt*tU|  ••  a*****tla|  fr*a  •  *all**ti*a  *f  *l*awt*l  mat*,  ink  of  *ki*k  is  lanl 
ta  ylal*  tk*  **»tt***t  f  1*14.  fit  uaifl*.  Ik*  ***tt*r*l  f l*lt  I*  vrltt**  •» 


4*7 


N 

**(«>  -  J  4,  («>  tit (I  *,(«)  .  (44) 

■  •1 

Dm  prttttft  |gr  mi|ilN  Milm  ftttalUilr  faaittiai  u  Ht  HtllMit  4.  >>4  pktttt  L.  iM  Uti 
UUltlM  Ut  nnlUii  prakakillty  iMtllilt  (W  I'.  I«I  apHtafa  tr  ftt  pkltt  tt»J.  Tkit  It 
Hnl|H(iniri  tin  »  partly  iNlilUttlilii  him  i  4«l  tl  It  lilllitll  It  nIih  Hi  4.  uiL  w  attaal 
mtttt  hhmUm,  mi  tht  him  imiUm  llttit  iaaipkt  lata  tkt  pkytiaa.  4  hhM  ihhiiI  it  it 
mmn>  MM  ttaaittif  full  tt  u  utapral  (ftt  at  tttfttt  ttita  Imi't  Uttcta  tt  »t  kwt  iitttittt 
tktat.  Tkt  tttfttt  fltlft  tr  t total i  tktt  rtltlt  tt  tkt  Mfilu,  ttl  tkt  kttttl  t *  tkt  Itaatfaa,  tkt 
Inti'i  ftattlta.  ttrrtt  tt  prapatt**  tkit  tttfttt  tffttt  ttt  tt  tkt  fltlf  paiat.  Ptt  t tta  pit,  tt  ttall 
ft at tally  atilt  tkt  ttttttttf  fltlf  tt 


•*(«>  -  JJ  Ilf.  lfc>  4  «!*>  4tf  .  (47) 

It  ttaat  tf  t  kttttl  lull  tttfttt  ttl  at  4l.  At  lift!  tally  akltk  trim  ktra  it  tktt  tkt  atataplap. 
•ttk  K  taf  4|  trt  ttatktitlt  paaatltitt.  taf  rrtttitat  f*  jlilli  tkt  t*ttt|t  tf  tkt  HtMtt  tf  titti  Uf, 
tktt  la  rtallty  tktt  tt  atat  It  Jail  tkt  avarapt  tf  taat  41.  Ilatt  41  it  rtltttf  tt  I*  ta  tkt  tttfttt.  tt 
paatrata  a  kitrattky  tf  ttaat I tat  ttt],  Tkit  kitrtrtky  aatt  kt  krtkta  tt  ttalfaf  la  tot  aty  la  ttftt  te 
pat  tkt  praklta  la  ttatltklt  fata.  *t  flttttt  ttat  ttktatt  akltk  ft  tkit  atat. 


f. 


la  affltlta  ta  Ut  tpatlftl  appcattk  fittatttf  la  ftt.  4.  a  Paatitt  trtaifon  appttttk  It  ftrittklt 
flitatly  fata  tkt  taacflatt-tpaaa  attktft  at  katt  fittatttf.  Tkt  ttttttttf  pat*  •*  tf  tkt  fall  ktata't 
ftattlta  ftc  tkt  taatk  ittfatt  trattailap  praklta  tta  kt  arlttia  tt  Ut  atlatlaa  tf  t  Llppaaaa-Pakatapar 
lattgrtl  aaattlta  at 


••(I’.kM  •  T(|*.k*>  4(|«-  *•)  ♦  JJJ  ?(|\|>  4<*'-  |)  8*(k>  ••(|.|*)  f|  .  («•) 

a  kart  f  It  atllaf  tkt  tartaa  ftattlta  taf  la  faflatf  ky 


«k\k> 


d!  -  k,l  , 
*  -  *  ♦  (kj 


(4k) 


aktrt  P  rtprtMata  ttt  Otatky  priatlpal  aaltt.  taf  4  It  Ut  atrttta  tf  ap.(U)  akltk  trim  far  two- 
flMaalaaal  tttfttt  t.  aaf  aktrt  a  partial  latapratlaa  tf  tkt  tltpt  ttta  kat  kata  pttfttatf.  (Paa  t  •  I  •• 
I at 1 aft  all  alaptt.  aaf  ftc  a  »  •  at  tltpt  Ittat  frep.)  It  la  (lata  ky 


4<l>  *  JJ  titHI  •  *k>  *», 


(SO) 


Ikla  ftattlta  4  It  Ut  aaly  faaatlaa  akltk  taplltltly  ttattiat  tka  tttfttt  ktltkt.  taf  It  aaaatt  la  lit 
pktta.  Of  aaarat  •'  la  Iktttky  a  faaatlaa  tf  k  alta.  nit  la  a  tkrat-flaaatiaaal  lataptal  ttattlaa  kat 
attk  atatlatlaal  awartplap  (far  ktaapaataaa  ttatlttlat)  at  tta  rtfaat  tka  raaalt  ta  a  aat-flatatloaal 
ttattiat.  htk  tf  tka  ttat  la  M.I4I)  tta  kt  |t*aa  t  fltitoatla  lattrprtutlta  aaltpaat  tt  Ptyaaaa 
fltprat.  taf  tt  aat  till  tkit  tif  tkat  Hi  rtialti  ktlw  atrt  tcltiatlly  ftrlaaf  (l.p.Sl). 
la  acftr  ta  fittatt  tkt  twatapiap.  ftfla  tkt  lattpnl  tptrtttr  tyaktll tally  at 


L  ■ 


(51) 


tt  tkat  If. (41)  tta  kt  arittaa  ayakalitally  at 


•*  -  T4  ♦  LM  . 

taf  tktt  kat  t  fatal  ttlatlta  ky  lttratlaa  (lata  ky 


(SI) 


8*-  }  (U>“?4  .  <**> 

a  «  4 

■ttk  ataatttatt  at  Ut  latanttlta  tta  4.  akltk  ttattiat  tka  tarfttt  ktlpkt  k  la  Ut  pkita.  tta  kt 
lattrprtttf  at  t  tiapla  tarfttt  lattttaUta  (la  a  fiff ittat  ttatt  Uta  pattarkatlaa  Uttty  aktrt  Ut 
tatiftattaaa  atalf  kt  laktlltf  ky  pattt  tf  tkt  tarfttt  ktltkt  tttarrlai  la  tkt  oplltaft). 

Ta  fta  tkt  attapt  tf  ■p.(SP)  (tt  ptt  Ut  takataat  ttttttttf  fltlf).  tr  Ut  atarapaa  tf  I'  tlatt  Itt 
aaapltt  taajapttt  (tt  ptt  lattktttat  iataatlty).  at  ait  kM  kta  tt  fta  at  trt  ptt  tf  profattt  tf  4 
faattloat.  Pat  ftMtlta  ktlpkt  ttatlttlat.  tkt  aatttpt  tf  t  tlaplt  4-fnttlta  it  jatt 

■  4(kt)  i  4^(4,)  -  (la)*  t(k4t>  ?(4  >  . 

aktrt  p  it  Jatt  Ut  Ptarlat  ttta  tf  an  tf  tka  ptakakillty  ftailty  ftattlta 


(54) 


4-8 


»<V  -  •»»<-  ***j  t »)  .  (M> 

Ht  IH  iHItlHMl  at  BN  llllllf  llWIMiUM  UlkllfMI 

■  Mk)  i<»,)  -  *,(»,)  *,(»,'  ♦  A^.k,)  .  (Nt 

*•  »w  •  *MM*«t«*  M-IMhuUm  ImtlN  Itllt  taHlMI  U*  tatrolttlao  hnllH.  Pttoolly  Ut 
HM4M  IU  At  MM  II  MT  WMt.  hNIN  tf  M  ktMgtBIIBI  lUllllUl)  I  trumm  Mil  f«MllM 
ulMli  ••  ta  8g.(M).  nit  It  IIM  ft*  M}  MUt,  tt4  Ut  mn|t  tl  III  Une-llaeaiioaal  14.(40) 
yiellt  t  toe-l iatttltMl  attat  lea  fat  M  ttttttrlat  MvlIttM  T(t)  glota  If 


m  »  -  *(* 


'.-!)  ♦  f  * 


f<t  .«)  t«>  T(«)  4' 


(sr> 


vkero  t  It  Ut  Nttlic  traaafan  if  Ut  8 tee a' a  faaetiaa  tiaaa  Ut  iiIiiIhI  uIm  tin 

KO  «  m.  -  I  -  it)-1  »(i)  .  (»») 

t  -4*  * 

ul  ■  it  ta  ltfiaite  ttrltt  if  tttat 


m'.o  •  J  tu  [- f  e>*  J  ♦  •••  •  <*»> 

a  ■  1 

Mart  ta  kata  tiylitltly  1 total  oaly  i,.  If  ta  atglttt  tka  iatairtl  tarn  la  It. (ST)  til  iitnilMa  *  ky 
a, ,  tka  ttaaltlag  lataaalty  It 

I  ■  |T(1> I*  •  tty (~4  I*)  .  (SO) 

tkltk  It  Jaat  tka  aakataat  flail  tatty  ta  illaattatal  tlayly  la  Sat.  1.  For  I  ayyiaaiaatal  ky  i,  tat  Ua 
iataixal  tan  taalatat  la  If. (ST),  tka  raaaltiag  tlagalar  latagral  agaitlaa  kat  kata  aoltat  ataariaally 
(SI)  ant  Ut  tataltt  eeayarel  ta  katk  taaattlt  tat  alatttoaagaatlt  tatttatltg  tktt  (11.  Tka  alia  rtaalt 
it  Ua  aaaaltatakla  layrovaaaat  la  Ua  taattailag  tataltt  atat  Uaaa  of  tiagla  aatttatiag.  Tkla  latlattat 
tka  aaaattlty  of  atlag  aalttyla  tatttarlag  taakalqaaa  la  attat  ta  aaaaaBt  fat  etyarlaeatal  lata 
yactlaalarly  tkaa  tka  taxftaa  It  tary  raagk. 

Tka  Poirier  tiaaafota  at  k-ayta*  nUat  at  kata  latatlkal  la  Ult  taatlaa  aaa  ka  aaat  fat  altkar 
latanlaiatlt  at  aaataa  tatfaaaa.  Tkata  it  aa  altaraatita  iteakaatlt  Foatlar  traaafan  taekalgae  tklak 
kaa  kaai.  tar  a  loyal  to  trait  partly  raatea  tatfacaa  (14].  Tkata  art  too  koy  atapa  la  tka  yroaotoro.  Tka 
flttt  ta  to  Italia  aklak  atoakaatia  vatltklaa  tta  layoitaat  to  Ut  ytaatti  »■!  tit  Uat  goiag  to  ka 
lavolvol  la  tka  aoartgiag.  Par  ataayla,  aatftaa  kalgkt.  tatftaa  aloya*.  atiratarat.  eta.,  an  yaaiikla 
atoakaatia  vatiaklei.  Tka  aaaoal  atay  ia  to  aota  Uat  Ua  average  at  a  atoakiatia  Tttlakla  aaa  ko  writtaa 
aa  Ua  aoaaalatlaa  of  Ua  Poirier  ttaaafon  of  tka  verlakle  tal  ita  yrokaklllty  laaalty  taaatloa.  Tka 
iatogrtl  egaatiaat  aklak  art  latiral  kata  llaaat laaal  ity  akltk  Ityeali  oa  Ua  aaokar  of  tapartaat 
ttoaktitla  atrltklat.  Tka  ytoaolatt  la  atlll  tonal.  teeaat  yrogrtn  la  la  (111. 

la  alter »a te  Baikal  of  tolatioa  of  lg.(4l)  it  Ut  wootkiag  aatkol  [10]  trlglatUy  leva  loyal  to  tntt 
yrayagatiaa  tkroagk  aoatlaaoaa  ttalao  mill.  Tka  aa tkol  aoaaiata  la  vtitiag  a*  tt  ta  average  (aakataat) 
ton  flat  a  flaataatlag  y»rt 


«*  -  00*  *  48*  .  (II) 

Sakttltatlag  tg.(ll)  lato  tg.(4l).  takiag  tka  avenge  of  Ua  raatlt  aal  aaktraatlag  It  froo  Ut  otigiaal 
agaatioa  ytalla  tka  nootkiag  latagral  agaatloa  04]  oa  Ua  aakataat  flail 


86*  »  8*  +  UA  5  [  U  -  L8A  ]“  88*  .  (41) 

■  ■  0 

viiBB  Bf»o(S0)  ill  MU.  ul  tki  lifliitlei  of  Ui  nMtklii  mi  ofinter 


8*  -  m  +  UA  5  [  LA  -  LBA  ]a  v[  A  -  U  ]  .  (IS) 

a  ■  0 

A  tan  ky  tan  eeoyariaoa  of  Uii  aatt  oya ratal  oiU  Ua  aorttayoaliai  ant  oyarttox  ft*  Ua  aoaaaatal 
Itagxaa  aaUol  [S4]  yialla  egaility  fat  Ua  tint  tv  a  tent  aal  iaagoallty  for  Ut  tnaiaiag  tana, 
fa  tool  ly  Ua  aoaaaatal  litgrui  tttat  kava  ta  aOvaataga  la  Uat  Ualt  traatfoni  vtaltk  aayoytotiatlly  (to 
tktt  ttay  tta  (tally  Pearler  traaafan tkla).  Pratt  1  tally  aaat  at  Ua  klgkat  eclat  tarn  kavt  kata 
avalaatal,  kaa  aver,  ta  it  It  tat  alaa*  vket  ykyalaal  aaa  tog  oa  aaat  Uty  lata  tike,  at  okat  tka  lifftnaaa 
katoaaa  Ua  toa  ayyroalaotioaa  attat.  Tka  naoUlag  aatkal  kat  raaaatly  kata  ayylial  ta  Ua  tatlar  raagk 
tatftaa  yroklea  oiU  t  vatiaty  at  kooaltry  aaolitiaat  (SSI  aal  to  tka  tleetraMgaetle  etaa  of  t  yarfaat 
aoalaatat  (SI).  * 


m  m  km  ttlMiil;  HmhiH  tk*  immiiw  *t  tk*  iikimt  mu.  tlikM|k  tk*  liuiul 

lyMIlM  kuiullt  MltlfU  Mltolllt  MM  I>IH-41«hIM|1  iW  U»  HMkMIl*  fi*14.  M  NN  «M*  M 
m4m*  tkn  t*  iM-UMlllml  Mill  tk*  IM  Miimi  *f  f ******  rtallikl*  It  t*  ******  tk* 

turf***  *t*tl*tl*«  t*  k*  kn**ni,  t*»  *t— »t*«*t  |at*t**l  *t**tt***  *x»  ***Mt*tl*.  **4 

IHMllMll**  **tk*4*  If*  Mil  **4**lt**4.  It  tkatl*  k*  i***rki*  k*****t>  tktt.  If  tk*  •**#»»•  *t*tl*tl«* 
II*  a*t  k** ********  tk*  wtmat  l*t**r*l  ****tl«*  *111  k*  tkm-HtaMiml  U  atatttl  Ml  ***m.ImHm 
**tk*4*  *t*  MHINtT.  a*«*  1*  tk*  ***HI***»1***1  •*•*.  tk*  1*11* It*  Hit**  *t  *•*■*.  ■*.(!».  *kt*k 
•*■**>**  tk*  >•*•  •**  k*r**l  uni  *4  tk*  l*t**nl  ****tl«*.  ■*.  (If),  ***t  k*  Umihi  1*  **4*r  t* *  tk* 
kl*t*t*k|r  *t  «*i*tt***  t*  k*  **l«*kl*. 

Tk*  *lt**tl**  f*t  tk*  k*tk*-l*l**t*i  *t**tl**  f*  ***k  MM  Imlnl,  Tklt  1*  tk*  *«**tlM  «kl*k  I* 
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DISCUSSION 


A.K.  Fung,  US 

Would  you  comment  on  the  application  of  the  method  you  used  In  your 
paper  for  computing  Incoherent  scattering? 

Author's  Reply 

There  were  some  brief  remarks  at  the  end  of  my  paper.  The  basic 
difficulty  is  the  same  as  that  which  occurs  for  any  process  which 
contains  multidimensional  integration,  in  this  case  the  Bethe- 
Salpeter  equation  nd  that  Is  the  inability  to  find  reliable 

approximations  f,  \e  Intermediate  state  terms  over  which  they  are 

integrated. 
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SUMMARY 

Tha  objactlva  of  till  a  papar  ia  to  exaaine  tha  raglooa  of  validity  that  apply  to  tha 
uaa  of  varloua  aodala  for  describing  rough  aurfaea  aeattaring.  Tha  first  araa  to  ba 
axaainad  ia  how  a  aaall  alopa  condition  allowa  an  intagral  rapraaantation  of  tha  phyaical 
optica  (FO)  croaa  aactlon  to  ba  foraad  that  doaa  not  require  tha  high  frequency  gaoaatrlc 
optica  (00)  raatrlctlon .  Next,  for  forward  aeattaring,  wa  eonaldar  tha  axtanaloa  of  tha 
roughnoaa  dapandanca  of  tha  FO  aeattaring  croaa  aactlon  (o')  froa  tha  caaa  of  Gauaalan 
aurfaea  and  correlation  to  a  range  of  aurfacea  with  diffaraot  height  atatletlce  and 
corralation  functlona.  Thla  dapandanca  la  than  axaainad  for  tha  aaall  perturbation 
aethod  (SFM)  raglaa  aa  wall.  Finally,  tha  forward  aeattaring  FO  raaulta  are  extended  to 
the  caae  where  the  aalauthal  angle,  4,  a  O'. 

1.  INTRODUCTION 

Thia  papar  conaldara  aevaral  toplca,  all  related  to  the  condltiona  for  the  validity 
of  phyaical  optica,  gaoaatrlcal  optica,  and  aaall  perturbation  nathoda  aa  applied  to 
rough  aurface  aeattaring  aodala.  Condltiona  are  given  under  which  the  donaln  of  validity 
of  aone  FO  aodelaO-*)  can  be  extended.  Quantitative  etudlea  are  prevented  coopering  the 
variation  of  aevaral  rapraaantatione  of  tha  noraallted  rough  aurfaea  aeattaring  croaa 
aactlon,  o',  aa  a  function  of  aurfaea  paraaatara  and  aeattaring  gaoaatry.  Multiple 
aeattaring  and  ahadowlng  ara  neglected. 

The  baalc  condition  for  applying  FO  aodala  la  that  Rc  »  1  where  Rc  la  the  average 
radiua  of  curvature  of  the  aurfaea  lrragularltlaa  and  1  la  the  en  wavelength.  In  prevloue 
work(5>,  wa  ahowad  that  the  condition  T  >>  1  (T  la  aurfaea  correlation  length)  la  a 
aufflclent  condition  for  Re  >>  1  if  the  aurface  alopea  are  aaall,  but  it  becouea  necaaaary 
aa  wall  aa  aufflclent  if  larger  alopea  are  not  excluded.  That  daaonatratlon  aaauned 
Gauaalan  halghta  and  corralation.  In  thia  papar,  wa  will  be  concerned  nainly  with  aaall 
alopa  condltiona.  Under  the  aaauaptlon  Rc  »  1,  BarrlcF.  and  Feake(6^  have  given  a  general 
axpraealon  for  a  FO  o*  with  no  ahadowlng.  Thia  axpreeelon  generally ( 1  >  haa  been 

evaluated  by  taking  the  high  frequency  Halt,  k  -  2»/X  *  •  (GO)  which  allowa  decorrelation 
of  the  aneaable  averaging  over  tha  height  dlatrlbutlon  froa  that  of  the  aurface  alope 
distribution!  followed  by  an  aayaptotic  algebraic  result.  In  tha  present  analyaea  we 
ahow  that  their  product  fora  repraaentatlon  i 


«*  -  (1) 


la  valid  without  the  raatrlctlon  X  *  0,  ao  long  aa  the  aurface  alopea  ara  aaall. (o/T  <  1) 
and  J  la  kept  aa  an  Intagral  fora.  Here,  Spq  la  the  scattering  aatrix  eleaent1”,  p 
rafara  to  tha  polarisation  of  the  incident  wave  and  q  refers  to  tha  polarisation  of  the 
scattered  wave  (horlsontal  or  vertical),  J  is  proportional  to  the  probability  density 
function  of  the  aurface  elopee  and  o  la  the  standard  deviation  in  surface  height*  Gauaalan 
halghta  and  corralation  ara  again  assuaed.  Thia  result  and  the  high  frequency  fora  are 
then  coapared  with  nuaarlcal  evaluation  of  the  general  expression  for  o*  for  the  caae  of 
forward  scattering  and  horisontal-horlsontal  polarisation.  For  purposes  of  efficiency 
of  nuaerlcal  calculations,  tha  rough  surface  is  assuaed  to  be  randoa  in  one  dlaanslon 
only. 


Further  coapariaona  ara  Bade  of  tha  forward  scattaring  FO  and  SFM  a*  dependence  on 
roughness  for  a  ranga  of  statistical  surface  conditions.  These  results  are  presented  in 
teras  of  dependence  on  tha  Rayleigh  roughness  paraaater  I  defined  as  t  “  (2v/X)o  (cosSj 
+  coada)  where  8*  ■  elevation  angle  of  incidence  and  8(  -  elevation  angle  of  aeattaring. 
Finally,  tha  FO  results  ara  extended  to  the  case  8t  *  ®  where  g,  la  the  aslauthel 
scattering  angle. 

I.  LIMITING  FORMS  FOR  o* 


Tha  application  of  phyaical  optics  principles  to  rough  aurface  aeattaring  analysis 
involves  tha  Klrchhbff  Intagral  repraaentatlon  for  the  scattered  aa  wave  where  tha  boundary 
conditions  on  tha  surface  ara  satisfied  by  tha  use  of  Fresnel  plane  wave  reflection 
eoaf f lclanta ( ) .  Under  these  conditions,  tha  larrlck  and  Faake(*)  generalised  expression 
for  tha  field  scattered  froa  a  rough  surface  (horlsontal  polarisation)  is 


I*  -  -ikGik,o/*vE7jEj  Y1  }n  F(fx,  (  )  elkt*i"4al  *  *  dxdy 

•-  J  -L/2  -L/2  r 


(1) 


where 
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ij  •  Incident,  horlsontally  polarised  alactrlc  (laid, 

10  -  dlatanca  from  origin  to  observation  point, 

+  A  A  A 

r  ■  zx  +  yj  +  £(z,y)i  -  distance  from  origin  to  point  on  rough  surface. 


k£,kt  -  unit  constant  vectors  pointing  In  direction  of  incidence  and 
scattering , 

6Xp  (.  ■  local  surface  slopes  In  z  snd  y  directions  at  surface  point 
g<*»y),  l.a. ,  9g/tz  and  Jg/»y, 

♦ 

Tha  (actor  r(gx,  gy)  la  a  (unction  o(  tha  local  nornal  to  tha  aurfaca  and  o(  $he  local 
FraSuel  redaction  coefficients  at  aach  aur(aca  point,  Thalr  axpraaalon  (or  Fla  Incorrect 
aa  printed,  Tha  correct  (orn  la  that  given  by  SancerCO, 

To  (ora  tha  noraallzad  croaa  aactlen  of  tha  rough  aurfaca,  a*,  It  la  nacaaaary  to 
calculate 


o*  «  <ge*  ,  ga>  -  <ga>S  (3) 


where  <  •  >  denotes  an  anaanbla  average  ov.r  the  randon  variables  g,  gi>  gx,  gy  ggxg,  ggyg. 
Hare,  g  la  tha  randon  height  at  point  (x,y)  and  £ g  la  tha  random  height  at  point  (xg,yg). 

Tha  ganaral  PO  axpraaalon  (3)  for  a*  lnvolvee  a  tenfold  Integration  over  tha  varlablaa 
a,  y,  xg,  yg»  C,  gg.  gx,  Cy,  ggxg,  g ly l *  By  aaklng  uaa  of  tha  atatlonarlty  of  tha  randon 
procaas,  thla  axpraaalon  can  ba  reduced  to  an  eight-fold  Integral,  By  what  la  traditionally 
referred  to  as  a  gaoaatrlcal  optica  asaunptlon,  thla  result  la  further  reduced  to  a  single 
Integral  torn  and  finally  evaluated  as  aa  algebraic  axpraaalon,  Tha  single  Integral  forn 
can  also  ba  obtained  by  asking  uaa  of  a  snail  slops  condition.  For  tha*;  caaa,  though, 
tha  final  evaluation  does  not  apply.  In  thla  aactlon  thaaa  two  types  of  result  will  be 
conparad  with  the  corresponding  aultlpla  Integral  solution  for  a  range  of  conditions. 

At  this  point,  to  slaplify  the  general  expresalona  for  o*  and  to  nake  nunerlcal 
evaluations  of  a*  sore  efficient,  It  will  be  assunsd  that  the  randon  distribution  In 
heights,  g  hava  only  a  ona  dlaenalonal  variation  g  •  g(x).  It  will  also  be  aasuaad 
that  tha  scattering  takes  place  In  the  direct  forward  direction,  so  that  there  la  no 
aslnuthal  variation  <♦,  -  0*)  and  that  there  la  no  shadowing. 

Under  those  assuaptlons,  and  following  tha  davelopnent  given  by  Hagfors(*),  the 
expression  for  c*  nay  ba  written  aa 


o*  ■  2wk  /  dt  cosVjT  w(t) 
0 


(4) 


where 


vx  ■  k(slo#i  -  slnda) 


t  *  xg  -  X2  (sepsratlon  between  two  points  on  the  rough  aurfaca) 

and 

w(r)  -  C(t)  -  H. 


0(t)  -  2  /  dug  P(V|)  /  dug  P(u2)  /  dgeosvjg  .  P3<ug,U2,  g,  t)  (5) 

-•  -«  0 

P]  -  Trlvarlata  distribution  function  In  height  dlffsrsncss  and  aurfaca 

alopas.  In  addition,  gg,  ug,  and  g2iU2  the  heights  snd  slopes  of 
point  1  and  point  2  respectively,  with  g  -  gg  -  gg. 


F(U)  Is  a  conpllcated  function  of  the  slopes  p,  and  la  given  in  tha  appendix, 
aa  la  the  forn  for  the  quantity  H,  It  can  be  shown  that  w(t)  ♦  0  as  t  +  «. 

There  are  no  restrictions  on  tha  expression  for  o*  given  by  Eq.  (4),  other  than 
tha  validity  of  physical  optics,  T  »  1.  Thera  are  singularities  in  tha  Integrand  of 
Eq,  (4)  but  they  can  ba  shown  to  be  lntegrable  and  the  expression  has  bean  evaluated 
numerically,  using  quadrature  fornulaa  to  provide  s  standard  for  the  two  Uniting  case 
solutions.  For  tha  two  sets  of  assuaptlons  conaldarad  hers,  the  axprasalons  In  Eq .  (4) 
and  Eq.  (5)  reduce  to  the  alaplar  fora  of  Eq.(6)  Involving  a  single  lntagration  over  ts 
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v,  ■  "k(coo#i  +  cost(). 


The  details  of  tha  arguments  In  each  eaaa  lit  praaantad  in  the  appendix.  Finally,  for 
the  caae  where  1  ♦  0  end  E  >  l,  the  Integral  of  Eq.  (6)  can  he  explicitly  evaluated 
for  a*  ualng  the  atatlonary  phaae  method'10)  i 


or*  -  »kF*<u,p)(T/T/E)exp(-viT2Mi:*)  (7) 


Aa  indicated,  our  objective  hare  la  to  exaalne  the  conditlona  under  which  each  of 
theae  two  foraa  agreea  with  a  direct  nuaarlcal  evaluation  of  Eq.  (4)  and  Eq.  (5)  and  to 
define  the  reglona  where  one  or  the  other  Halting  cate  aolutlon  would  ba  preferred. 

Theae  reaulta  are  ahown  in  the  flrat  aarlea  of  flgurea.  Figure  1  ahowa  the  variation 
in  o*  aa  the  Eayleigh  peraaatar  la  varied.  In  all  three  aathoda  the  elope  le  held  fixed 
at  o/T  *  0.2.  Since  the  elope  la  eaall.  It  nay  be  eaen  that  the  elngle  integral  (FO) 
raault  la  alwaya  cloae  to  the  ftlple  integral  nuaarlcal  evaluation  (TI),  which  la  elao 
cloae  to  tha  CO  reault  whan  the  Rayleigh  parameter  la  large  (I  »  1).  However,  aa  the 
Rayleigh  parameter  decraaaea,  tha  GO  reault  dlvargee  from  both  the  FO  evaluation  and  tha 
TI  reault. 

Figure  2  ahowa  the  variation  of  o*  for  the  three  aathoda  of  evaluation  aa  a  function 
of  Rayleigh  parameter  whan  the  elope  o/T  -  3.0.  Hare,  the  valuae  of  FO  and  TI  are  not 
vary  cloae,  bacauae  the  elope  la  not  email.  Similarly,  even  when  tha  Rayleigh  parameter 
la  large,  the  GO  approximation  la  not  accurate  compared  to  the  TI  raault.  Further,  the 
GO  raault  becoaea  very  Inaccurate  aa  I  decreaaaa  below  tha  value  »  2. 

Additional  parametric  atudlea  for  different  alopa  conditlona  confirmed  that  to 
obtain  agreement  between  the  CO  reault  and  tha  "exact"  triple  Integral  valuea.  It  la 
neceaaary  that  the  condition  of  large  Rayleigh  parameter,  C  >  1 ,  be  coupled  with  tha 
further  condition  that  o/T  <  1.  Thla  la  Implicit  In  the  apecular  point  evaluation  of  tha 
f  terma  that  laada  to  the  elngle  Integral  repraaentatlon  for  GO  conditlona.  It  ahould 
alao  ba  noted  that  the  GO  reault  can  not  be  applied  cloaa  to  grealng  Incidence  and 
acatterlog  for  tha  condition  I  >  1  to  ba  eatlafled. 

3.  FORWARD  SCATTERING  ROUGHNESS  DEPENDENCE 

In  thla  taction  we  dlacuaa  an  axtanalon  of  the  well  known  FO  reault  for  tha  roughneaa 
dependence  of  forward  acatterlog  from  Gauaalan  aurfacar  to  aurfacaa  having  other  etatletlcal 
properties  and  to  thoae  aatlefylng  perturbation  regime  conditlona.  The  reault  for  Gauaalan 
height  dletrlbutlona  with  Gauaalan  correlation  la  given  In  Beckmann  and  Splxxlchlno ( *) : 
for  a  amooth  aurface  the  acatterlog  la  coneantrated  In  tha  apecular  direction  and  aa  the 
roughneaa  lncreaaea  the  elevation  plane  ecattorlng  extunda  ovar  wider  rengaa  of  engine. 

The  Gauaalan  aurface  deacrlptlon  haa  baan  widely  uaed  for  lta  mathematical 
convenience^)  but  it  may  not  alwaya  ba  a  aultabla  model.  Hiller  at  alO°)  have  uaed  a 
Baeaal  function  correlation  for  aea  atate  conditlona,  and  othwr  foraa  have  bean  Introduced 
ea  we  llOO.  Brownf1*)  haa  auggeated  that  there  could  be  a  fundamental  dlffarenea  In  the 
acatterlog  from  aurfacaa  where  the  decorrelatad  helghta  are  etlll  etatletlcally  dependant. 
The  dependence  lntroducea  a  noncoherent  acattarlng  contribution  In  tha  apecular  direction 
In  addition  to  the  general  dlffuae  term.  The  affect  of  auch  alternative  conditlona  will 
ba  addreeaed. 

In  tha  dlacueelon,  we  do  not  raaerlct  tha  height  variation  to  one  dlmenalon.  Next, 
we  make  uae  of  tha  previously  defined  product  fora  for  o'  and  note  that  the  Sp^  terma  do 
not  change  with  roughneaa.  J  la  a  term  dependant  on  tha  aurface  height  statistics  and 
tha  aurface  correlation  function.  If  we  reatrlct  ouraelvaa  to  conelderatlon  of  the 
effect  of  roughneaa  on  o',  the  analyele  raducaa  to  a  study  of  the  behavior  of  tha  J  term. 

In  addition  to  the  usual  Gauaalan  correlation  we  alao  Introduce  a  Baeaal  function  form! 


e<T)  -  [1  +  (r*  /BT* )  1  (t/T)  Ki(t/T)  -  <t»/T»)  k0(T/T) 


(8) 


for  the  surface  with  Gaussian  heights,  wa  found  that  chanting  tha  fotn  of  tha 
eorralatlon  function  did  not  change  tha  trand  of  tha  toughnaaa  dapandanca*  Thaaa  raaulta 
ara  aaaantlallp  lndapandant  of  lneldant  angle.  Tha  next  aspect  la  tha  uaa  of  tha 
exponential  halght  characterisation  daacrlbad  by  BrownO*).  For  thia  caaa,  ha  glraa 
Ju  -  jD  +  J,  ahara  tha  Jg  tarn  rapraaanta  tha  additional  diffusa  poaar  In  tha  apacular 
direction  and  ■ 

J„  -  2k*  /"j0(r,yT)l(l+(2/3)I*(l-c(T)))_»^*  -  (l+(2/J)I*)*»'*]TdT  (9) 


where 


viy  ■  k*  [(slnti  -  slnSscosgs)2  +  sln29«sin2de ) • 


Brown  polntad  out  that  tha  tarn  Jg,  which  la  lndapandant  of  correlation  function,  depends 
on  the  surface  statistics  while  tha  general  diffuse  tera  la  ralatad  to  the  slopes;  this 
suggasted  that  arbitrary  relationships  could  exist  batwean  tha  two  terma  Jg  and  Jg.  Tha 
diffusa  acattarlog  tara  does  Involve  the  correlation  function  and,  In  fact,  for  our  two 
types  of  correlation  function,  tha  karnal  of  tha  Integral  (9)  would  be  expected  to  decrease 
as  tha  correlation  length  decreases.  The  behavior  of  Jq  (specular  direction)  was  atudled 
as  a  function  of  I  and  T.  T  was  deeraaaad  as  far  as  would  be  consistent  with  the  physical 
optics  constraint  T  »X.  The  Jq  tare  in  tha  apacular  direction  always  doainated  tha 
corresponding  value  of  Jg.  Although  Jq  always  exceadad  Jg  It  does  show  a  dependence  on  £ 
and  peaks  near  a  value  £  >  1.  This  behavior  will  be  referred  to  again  in  the  next  section. 
As  a  result  of  this  finding,  we  aaaueed  that  Jgy  »  Jq  and  aada  our  comparisons  using  the 
results  for  JD-  These  are  shown  In  Figures  3 - 5 . 

For  surfaces  with  exponential  height  distributions,  the  overall  angular  pattern  of 
diffuse  scattering  as  a  function  of  roughnaaa  is  siailar  for  the  two  correlation  functions; 
no  distinct  dlffarenca  la  apparent  between  the  behavior  for  this  type  of  surface  and  that 
for  a  surface  with  Gaussian  halght  statistics.  Thus,  In  the  physical  optica  rsglae,  the 
roughness  dependence  of  the  diffuse  scattering  angular  distribution  la  Insensitive  to 
correlation  function,  height  statistics,  and  angle  of  Incidence. 

Finally,  we  Introduce  the  scattering  analysis  that  applies  for  the  perturbation 
theory  caaa.  Hara,  the  height  variation,  oa  auat  be  snail  compared  to  a  wavelength 
(kos  <  1)  and  the  res  slopes  auat  also  be  snail.  This  Is  aqulvalant  to  tha  condition, 
o(/T(  <  1,  where  T,  Is  the  associated  correlation  length  of  the  snail  scale  heights-  For 
this  case  the  cross  section  oJg  is  given  by'7)  oJg  «  |op))|2  J,g-  The  ap()  tern  Is  the 
snail  height  scattering  natrlx  contribution  and 


Jss  «  (2v  )  [  (AkV*  )oieos*81cos*8sl  /  c(t )Jo( | vxy | T )xdt 

0 


-  (4vkl*coa:eicos*ea  1S(  |  vxy  |  )  • 


(10) 


Note  that  tha  value  of  oJg  1*  independent  of  the  surface  height  statistics  and  depends 
only  on  tha  fora  of  the  correlation  function-  Thus,  the  question  of  surface  dependent 
results  does  not  apply  here  end  we  ara  concerned  only  with  the  differences  for  the  two 
types  of  correlation  function.  As  seen  In  Figures  (-7  the  results  are  aore  complicated 
than  tha  FO  results.  There  Is  a  definite  dependence  of  the  scattering  patterns  on  Incident 
angle  as  can  be  seen  In  Eq.  (10).  There  is  an  explicit  cosd^  tera,  In  addition  to  Implicit 
angle  effects  In  the  power  spectra  coaponant  from  tha  Rayleigh  parameter  dependence.  The 
power  spectra  teras  have  peaks  In  tha  apacular  direction  for  Gaussian  correlation,  but  a 
sharp  null  for  the  Bessel  ferz.  The  combination  of  the  two  effects  leads  to  distinctly 
different  patterns  ae  the  incident  angle  changes.  Tha  relative  insensitivity  to  correlation 
for  -  85*  arises  from  the  doalnanca  of  tha  eoa  9,  tera  at  that  specular  angle.  For  the 
perturbation  theory  regime,  then,  tha  diffuse  scattering  pattern  Is  Independent  of  height 
statistics  and,  except  for  aagnltude,  tends  to  be  Insensitive  to  roughness;  however,  It 
Is  strongly  dependent  on  Incident  angle  and  correlation  function. 

A.  GENERALIZED  ROUGHNESS  DEPENDENCE 

In  our  previous  discussions  extending  the  surface  and  correlation  conditions  under 
which  roughness  affects  can  be  analysed,  we  ware  concerned  primarily  with  the  statistical 
aspects  and  Halted  ourselves  to  forward  acatterlng.  There  Is  no  reason  to  reatrict  the 
discussion  of  how  FO  cross  sections  vary  with  roughnaaa  to  specular  forward  scattering 
and  In  this  section  we  extend  the  previous  results-  He  reatrict  the  discussion  here  to 
Gaussian  eorralatlon.  Similar  raaulta  could  be  obtained  for  other  cases.  In  addition, 
since  we  wish  to  conduct  the  analysis  using  tha  product  fora  of  o*  (considering  only  the 
J-tera  variation)  ws  will  Halt  the  results  to  aaall  slops  values  to  be  consistent  with 
our  prevloua  analysis. 

In  Figure  8  through  Figure  10  wa  show  tha  dapandanca  of  J  on  £  for  a  Gaussian  and 
exponential  surface  for  three  aalauthal  conditions,  dg  -  5*,  90*,  and  180*,  respectively. 

Tha  specific  plots  are  calculated  for  tha  caaa  8<  •  9,  but  there  Is  no  restriction 
requiring  this  condition  and  tha  ganaral  cave  will  be  discussed  as  well.  For  these  cases, 
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X  •  0.9  a  til  I  •  3a.  On*  point  1*  that  tha  curves  or*  cut  off  at  different  value* 
conalataat  with  th*  aaauaptloa  of  *aall  ilapaa. 

la  Flgar*  •  (*a  »  3*)  w*  eee  several  trend*  a*  th*  elevation  angle*  tneraa**. 

First,  th*  eurv**  change  with  angle  and  than  roach  *  Halting  fora.  Thi*  include*  both 
location  of  peak  J  la  t*raa  of  I  and  th*  relative  asgnltud*  of  J.  Another  aapact  la  that 
all  tha  ca*a*  *how  that  the  variation  for  a  Oauaalan  aurfac*  1*  quite  alallar  to  that  for 


Tha  raault*  when  g*  ■  90*  era  ahown  In  figure  9.  Th*  *aa*  type  of  trend*  are 
pretest.  Th*  peak  J  value*  ar*  lower  and  occur  at  la. -gar  roughs***  value*  than  th* 

*s  -  0*,  5*  caaaa.  Again  there  1*  little  diffarasc*  in  result*  for  th*  two  *urf*c* 
typ«*. 

Th*  final  **t  of  result*  (  *a  *  ISO*)  1*  shown  In  figure  10.  Th*  only  difference 
between  thaa*  reeult*  and  those  for  g(  «  90*  1*  a  slight  decrees*  in  th*  peak  J-valua. 

If  w*  consider  tha  serla*  of  figure*  and  take  J  to  be  a  aeasura  of  th*  likelihood  of 
there  being  specular  facet*  in  th*  appropriate  direction,  w*  an*  that  a*  th*  scattering 
direction  aove*  froa  forward  to  backacatter  th*  probability  of  such  scattering  contributors 
decree***  In  general  and  the  level  of  roughness  for  peak  condition*  tends  to  Increase. 
Except  for  forward  scattering,  where  specular  J  value*  appear  Insensitive  to  elevation 
angle,  the  saooth  surfaces  eaphasisa  equal  angle  scattering  at  saall  Incidence  angles  and 
rougher  surface*  tend  to  have  equally  llkaly  value*  for  all  elevation  plane  angle*. 

for  slapllclty  this  discussion  ha*  been  presented  in  taraa  of  equal  elevation  angle*. 
Consideration  of  th*  J-lntsgral*  indicates  that  th*  angle*  enter  through  th*  tert.  vxy. 

There  Is  no  need  to  Halt  this  to  Sj  •  0,,  although  th*  result  1*  stapler  In  that  case. 

5.  CONCLUSIONS 

Several  areas  have  been  addressed  In  which  conditions  for  application  of  aodels  can 
be  extended  or  coaparlson*  aada  between  different  model*.  It  was  pointed  out  that  T  >>  X 
is  a  aufflclent  condition  for  PO  aodels  for  all  slop*  reglass  but  thst  unless  tha  slopes 
ara  saall  It  Is  also  a  necessary  condition.  Continuing  along  this  line  we  have  shown 
that  In  th*  saall  slop*  raglaa  a  alapllfled  PO  Integral  representation  can  be  obtained 
which  Is  not  subject  to  th*  CO  Halt.  for  CO  cases,  I  >  1  and  th*  conditions  for  specu¬ 
larity  aust  be  applied  carefully  as  seen  in  the  poor  agr.eeaent  with  the  triple  Integration 
result  for  large  slope  values,  1.*.,  two  conditions  ara  required  for  the  accuracy  of  the 
GO  nodal,  I  >  1  and  o/T  <  1. 

Th*  well  known  roughness  dependence  of  PO  scattering  In  the  forwerd  direction  for 
Gaussian  surfaces  with  Gaussian  correlation  has  bean  extended  to  other  seta  of  surface 
statistics  and  correlation  functions.  Tha  diffuse  PO  scattering  pattern*  appear  to  be 
relatively  Insensitive  to  surface  statistics,  Incident  angle  and  correlation  function. 

In  contrast,  for  conditions  where  perturbation  aethode  apply,  th*  scattering  patterns 
do  not  depend  on  surface  statistics  and  ar*  relatively  insensitive  to  roughness  (except 
In  aagnltude).  However,  there  is  a  strong  dependence  on  Incident  angle  and  correlation 
function . 

Th*  roughness  dependence  of  PO  scattering  has  been  extended  to  case*  where  *a  *  0*. 
For  equal  angle  scattering  (9^  -  9a),  saooth  surfaces  result  In  a  preference  for  saall 
incident  angles  while  rougher  surfaces  tend  toward  equal  likelihood  of  scattering  at  any 
Incident  angle.  Also,  as  *a  Increases,  th*  overall  likelihood  of  scattering  decrease* 
and  the  level  of  roughness  at  which  peak  conditions  occur  increases  - 
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irriimx 

The  purpoee  of  thla  appendix  la  to  outlla*  the  datallo  of  tha  reapectlve  ergunenta 
by  which  tbo  reaolte  of  Bq.  (A)  oof  Iq.  (3)  coo  bo  olapllfied  to  tbooo  of  Iq.  (6)  fot 
both  ooto  of  aoonaptlono  •  Tbo  fleet  otop  la  to  obobIoo  tho  alaaaoto  of  tho  lntagranda  In 
aoro  detail. 


rim,  tbo  quaotlty  8  uao4  lo  »(t)  to  Iq.  (4)  lo 
B  -  (t*o-»i0*/  Aro*)  •  /V<'*l'<2o'I>5  f(p1)4p1 

.  J  P(|iq)4|i2 


(Al) 


tbo  functloo  F(p)  0004  lo  tq.  (5)  coo  bo  ro4ueo4  to  tho  fora 


P(g)  -  (1  -  »i(Ti ))(poto6l  +  eooSl)  +  (1  +  *1< Y1 ) 1 (g»ln»e  -  eooSo) 


(Ai> 


where  It  boa  boon  oa«uao4  that  them  la  ao  j  variation  8/3y  -  0  and  the  ecetterlng 
taboo  plaea  In  tha  forward  dlraction  (Oa  -  0*).  Hare,  the  Fraanal  reflection  coefficient 
la  given  by 

Hlfvi)  *  (coavi  -  /«  -oin^Yl)/(eoaYl  +  / c  -eln!yi) 


and 

coavi  “  Clieln#i  +  coaOg )/(/l+4u2 )  • 

The  trl variate  dletrtbutlon  funclon  Pq  In  Hq.  (5)  la  given  by 

P3  -  dr)-*'*  e-*1^  V 

a  positive  definite  quadratic  form: 

uVV*  1/<2|R|)IMU  ?2  +  2HU  SCi  +  U2)  +  M22(m{  +  »*!>  +  ^"iV 

T 

| R |  la  the  determinant  of  the  aurface  height  covariance  netrlx  u  -  (f,  v2,  n2) 


-3p/3r 

32p/9t2  | T -0 
-32p/3t2 


(A3) 


(AA) 


where 


p  ■  aurface  correlation  function 
-  o2  exp(— t2/T2). 

Mij  la  the  co-factor  of  tha  covariance  oatrlx  All-  The  triple  Integral  In  Eq.  (5)  »ay 
be  reduced  to  a  double  Integral  when  t  *  0  by  uaing  the  known  exprenslon  for  the  coalne 
traneforo  of  a  Gauaalan  function 

-  _  2 

/  dfcoav,  SPj  -  l/dv/Hu)  e-c  coevIBe“vi/4 A  (A5) 

0 


a  -  Mh/2|r| 

B  -  (M12^Mll^Ul  +  U2> 


where 


S4 


C  -  ( 1/2 | E | )  ( <Hj  j  -  +  K|)  +  *(*JJ  -  »1  Mj) 


At  thle  point  we  turn  to  tha  two  eaata  that  ata  derived  undar  dlffarant  aaeuaptlone. 

Writ,  eooaldar  tha  aaall  alopa  tiia,  o/T  «  !•  Ia  thlt  caea,  tha  coaarlaaca 
aatrix  |K|  baeoaaa 


2(o*  -  p) 
0 
0 


to  that  tha  helghta  and  alopaa  art  dacorralatad.  Than,  tha  lata|tatloaa  oyar  m  and  ni  In 
Eq.  (S)  way  ba  approximated  bp  tatting  up  py  «  ii2  -  conatant  «  tony »  n,p  whata  tany  la 
tha  alopa  of  a  faeat  which  will  product  a  raflactad  wava  in  tha  tpacular  direction) 


tany  “  |eln#i  -  alnba I /(coadl  +  coata)  (A7) 


Equation  (4)  for  o*  now  raducaa  to  a  alngla  Integration  fora  aa  ahown  In  Eq.  (6).  It 
ehould  ba  notad  that  alnca  tha  alopaa  art  aaaunad  to  ba  aaall  (c/T  <<  1),  than  u  •  tany  ao 
that  y  «  0,  which  lapllaa  tha  apacular  condition  8(  *  ®i> 

Tha  arguaent  for  reducing  tha  lntagrala  In  Eq.  (5)  to  tha  raault  In  Eq.  (()  la 
aoaawhat  dlffarant  for  tha  high  frequency  caaa.  In  tha  GO  Halt  tha  lntagrala  over  ul 
and  U2  aay  ba  approxlaatad  by  rcaovlng  P(m)  and  F(ti2)  froa  tha  lntagrala  and 
tatting  thaa  equal  to  conatanta;  tha  juacif lcatton  for  thle  la  tha  atetlonary  phaaa  (or 
apacular  point)  arguaent.  Thla  arguaant  ttataa  that  for  lerga  k  In  tha  exponential  (or 
coalna)  factor,  tha  only  aurfaca  roglona  which  contribute  to  tha  Integral  are  thoaa 
aaoothly  curving  portlona  which  are  In  a  poaltlon  to  apacularly  raflact  Into  tha  daalrad 
acatterlng  direction.  Than,  Ml  "  u2  «  tany  ■  uap  and  Eqa.  (A)  and  (5)  reduce  to 
Eq.  (6)  (aae  Derrick  and  PeakeC6)). 
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DISCUSSION 

A.K.  Fung,  US 

You  indicated  only  the  snail  slope  requirement  in  your  conclusion  on 
the  PO  integral.  Do  you  want  to  require  a  large  correlation  length 
simultaneously  for  the  physical  optica  method  to  work? 

Author's  Reply 

For  the  validity  of  the  Kirchhoff  PO  repreaentation  as  a  single 
integral,  without  going  to  the  high  frequency  GO  limit,  one  must  have 
small  slopes.  However,  when  the  slopes  are  small  o/T  <  1,  the 
condition  correlation  length  T  »  X  is  a  sufficient  condition,  but 
not  necessary.  For  PO  to  be  valid  when  o/T  <  1,  the  condition  on 
correlation  length  may  be  relaxed  to  T  J>  X,  l.e. ,  the  correlation 
length  may  become  of  the  order  of  a  wavelength,  but  not  less  than  a 
wavelength. 
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MARTOV  RANSOM  FIELDS:  A  STRATEGY  FOR  CLUTTER  MOOELLINO 

Stephen  P.  Luttrell 
Royal  Signal*  and  Radar  Establishment 
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Malvarn 

Worcestershire 
WR14  3PS 
UK 


SUMMARY 

Me  briefly  review  the  need  for  models  of  Image  texture  (or  clutter).  The  use  of  detailed  physical 
■odels  Is  prohibited  by  the  difficulty  of  characterising  the  scatterar  distribution  and  the  scattering 
process  which  cause  the  texture,  and  so  we  resort  to  phenomenological  Modelling.  He  propose  that  certain 
statistics  of  the  Image  be  Measured,  and  that  synthetic  linages  which  are  consistent  with  these  measurements 
be  generated  by  a  Monte  Carlo  method  -  this  allow  us  to  test  the  need  for  further  statistics.  Me  point 
out  the  relationship  of  this  scheme  to  the  wll -known  maximum  entropy  method  for  constructing  least  commit¬ 
tal  probability  distributions.  Furthermore  w  show  how  a  Markov  random  field  model  Is  generated  by  this 
process.  Finally  we  suggest  some  methods  of  selecting  useful  statistics,  which  we  demonstrate  by  analysing 
a  synthetic  aperture  radar  Image  of  a  wood  and  a  sonar  Image  of  the  sea  bed. 


sample  position  In  Image 

nuseer  of  pixels  (or  samples)  In  Image 

Image  pixel  (1e  sample)  value  at  position  x 

vector  of  local  statistics  of  T[x]  at  pIxeT  j 

vector  of  statistics  of  T[xj 

the  value  of  S  for  a  particular  Image 

PDF  over  T[xJ~ 

PDF  over  synthetic  Images  T[x] 

PDF  over  S[T[xl] 

the  number  ofT  which  map  to  S  (Jacobian) 
ensemble  of  Images 
number  of  Images  In  ensemble 
ensemble  average  of  S[T] 


CHARACTERISING  TEXTURE  IN  IMAGES 

He  shall  be  concerned  with  building  phenomenological  models  which  describe  the  structure  of  textured 
coherent  Images.  Typical  examples  of  coherent  Imaging  systems  are  synthetic  aperture  radar  (SAR)  and  sonar, 
and  such  Images  frequently  consist  of  well  defined  regions  of  homogeneous  texture.  Image  texture  is  often 
called  clutter  because  It  Is  usually  regarded  as  the  background  against  which  objects  of  Interest  must  be 
detected.  Therefore  a  good  model  of  Image  texture  Is  required  before  we  can  proceed  to  the  detection  and 
analysis  of  embedded  objects. 

The  most  Important  property  of  most  of  the  textures  of  Interest  Is  that  they  are  stochastic  rather 
than  deterministic  in  character,  so  that  for  a  given  texture  the  Image  pixel  (1e  sample)  values  are  not 
rigidly  constrained.  Rather,  there  Is  a  loose  relationship  or  correlation  between  pixel  values  which 
produces  the  overall  Impression  of  texture.  There  are  circumstances  where  models  In  which  a  mixture  of 
stochastic  and  deterministic  behaviour  Is  desirable,  such  as  modelling  Images  of  urban  regions.  Some  such 
techniques  have  been  described  elsewhere  [1],  so  we  shall  not  dwell  upon  these. 

When  confronted  with  a  textured  Image  we  must  decide  which  statistics  to  measure  In  order  to  charac¬ 
terise  the  Image  structure.  This  Is  not  a  trivial  problem  In  general,  because  we  do  not  know  In  advance 
what  properties  of  the  Image  need  to  be  measured.  The  usual  approach  [1]  has  been  to  measure  a  few  simple 
statistics  (eg  moments,  autocorrelation  function,  mean,  variance,  entropy,  co-occurrence  matrix).  This 
method  has  the  advantage  of  simplicity,  but  It  provides  no  hint  of  the  necessity  or  otherwise  of  the  chosen 
statistics  In  any  particular  case. 

TEXTURE  MODELS 

In  Information  theoretic  terms  the  probability  density  function  (PDF)  over  Images  having  a  particular 
texture  contains  all  the  Information  that  Is  required  to  derive  the  properties  of  Images  of  that  texture. 

It  Is  very  difficult  (and  usually  Impossible)  to  derive  such  a  PDF  entirely  from  first  principles,  so 
approximations  are  made  In  order  to  construct  a  physical  model  of  the  various  processes  which  underlie  the 
eneratlon  of  the  Image.  Imege  formation  consists  of  four  essential  processes:  arrangement  of  the  scatterers, 
llumlnatlon  of  the  scatterers,  scattering  of  the  Illumination,  and  focussing  of  the  scattered  Illumination 
(or  beamforming).  Thus  a  model  of  the  scatterer  distribution  Is  used  as  Input  to  a  model  of  the  scattering 
process,  which  In  tum  Is  used  as  Input  to  a  model  of  the  focussing  process:  the  result  of  this  Is  a 
stochastic  model  of  the  Image  texture.  We  now  describe  these  stages  In  more  detail. 

The  model  which  Is  used  to  describe  correlations  In  the  scatterer  distribution  Is  usually  highly 
simplified.  In  order  to  construct  such  a  model  an  understanding  of  the  processes  which  gives  rise  to 
scatterer  correlations  Is  required  -  this  Is  usually  hard  to  express  In  simple  terms.  For  example  when 
modelling  the  distribution  of  scatterers  In  a  wooded  area  there  are  many  length  scales  to  consider 
(eg  clusters  of  trees,  trees,  branches,  twigs,  etc),  each  of  which  has  Its  own  characteristic  properties 


LIST  OF  SYMBOLS: 


In  general.  In  such  casts  it  Is  necessary  to  usa  a  grossly  simplified  nodal  of  tha  physical  processes 
which  undarlia  tha  scattarar  distribution.  Howavar  tha  variaty  of  textures  which  can  ba  Modal ltd  with  a 
rastrlctad  sat  of  physical  paraiaatars  is  severely  limited,  and  so  phenomenology  is  usad  whan  constructing 
mors  realistic  nodal s. 

Tha  scattaring  process  'Is  usually  modelled  using  tha  born  (or  single  scattering)  approximation.  The 
validity  of  this  is  not  obvious,  but  it  leads  to  a  simple  picture  of  the  scattering  process  which  allows 
the  eventual  inage  to  be  Interpreted  in  the  light  of  the  scattering  model  chosen.  Circumstances  where 
this  model  might  break  down  typically  occur  when  strong  specular  reflections  are  possible.  Phenomenology 
may  be  used  to  construct  more  complicated  scattering  models  in  circumstances  where  the  single  scattering 
approximation  is  invalid,  but  at  the  cost  of  complicating  image  interpretation. 

The  focussing  process  Itself  Is  well  understood  in  most  situations.  The  point  spread  function  is 
used  to  describe  this  pert  of  the  overall  imaging  model,  and  it  is  provided  by  an  Independent  instrumental 
calibration  or  hy  calibration  in  situ  using  a  bright  point  target.  Phenomenology  is  not  usually  required 
to  model  this  stage  of  image  formation. 

PHENOMENOLOGICAL  TEXTURE  MODELS 

He  have  seen  that  the  difficulty  of  constructing  realistic  physical  models  suggests  that  phenomenology 
should  be  used.  The  trade-off  which  we  seek  here  is  to  simplify  the  construction  of  the  model  at  the 
expense  of  complicating  the  physical  interpretation  of  tha  image.  If  a  purely  descriptive  model  of  the 
image  is  all  that  1$  required  then  a  phenomenological  model  alone  will  suffice:  this  occurs  when  we  need 
only  to  discriminate  between  various  textured  regions  in  an  image,  for  Instance. 

There  are  two  complementary  approaches  to  phenomenological  texture  modelling.  Either  phenomenology 
is  Included  only  In  the  model  of  the  scatter  distribution,  or  an  entirely  phenomenological  model  of  the 
image  itself  is  developed.  An  account  of  the  first  approach  has  been  given  at  this  meeting  by  Oliver,  so 
we  shall  concentrate  on  the  latter  approach. 

An  advantage  of  the  purely  phenomenological  approach  is  that  it  turns  out  to  be  very  easy  to  model 
high  order  statistical  properties  (eg  n-point  moments).  This  is  Important  when  we  wish  to  model  textures 
with  very  complicated  correlations.  The  corresponding  disadvantage  is  that  the  physical  origin  of  the 
various  statistical  properties  is  completely  lost  In  phenomenology.  However  for  the  purposes  of  building 
a  purely  descriptive  framework  within  which  objects  embedded  in  clutter  might  be  analysed  this  is  accept¬ 
able.  He  should  point  out  that  hybrid  models  may  be  developed  in  which  physics  Is  used  to  constrain  the 
structure  of  some  parts  of  the  model,  whilst  the  remainder  of  the  model  is  purely  phenomenological.  Me 
shall  be  using  translational  symmetry  to  constrain  the  structure  of  our  texture  models,  so  strictly  our 
method  is  a  member  of  the  hybrid  class, 

THE  PROPOSED  PHENOMENOLOGICAL  MODEL 

The  model  which  we  propose  for  texture  modelling  consists  of  three  parts:  the  choice  and  measurement 
of  suitable  statistics,  the  generation  of  synthetic  textured  images  using  the  measured  statistics,  and  the 
refinement  of  the  choice  of  statistics  based  upon  a  comparison  of  the  synthetic  and  the  original  textured 
images.  The  model  is  thus  built  in  an  iterative  fashion  whereby  the  choice  of  statistics  is  refined  until 
a  satisfactory  match  between  the  synthetic  and  the  original  Images  is  obtained. 

Ue  shall  denote  position  In  an  Image  by  x,  the  Image  itself  by  T(x),  and  the  vector  of  statistics 
which  is  obtained  from  T(x)  by  SfT],  He  shalT  assume  throughout  that  EtT]  has  the  form  of  a  spatial 
average  of  some  local  statistic.  Thus 


where  s.  Is  a  vector  of  local  statistics  evaluated  at  pixel  j,  and  N  is  the  number  of  image  pixels.  S[T] 
has  a  ToF  which  is  given  by 

PCS]  -  Z[S]  PCT]  (2) 

where  Z£S]  Is  the  Jacobian  of  the  transformation  T  *  S  (1e  the  number  of  distinct  T(x)  which  map  to  a 
single  vilue  of  S),  and  P[T]  Is  the  PDF  over  images  TTxj  of  a  particular  texture.  Me  shall  denote  the 
particular  value-of  S  which  is  measured  in  a  textured  Tmage  by  the  symbol  S-.  The  value  of  S„  usually 
contains  insufficient  Information  to  determine  P[S],  but  an  exception  to  tfils  occurs  when  N  * -  to  that 
P[S]  is  asymptotically  a  delta  function.  S.  then“eompletely  characterises  PCS],  and  so  an  Inversion  of 
Eq.(2)  to  obtain  P[T]  nay  be  attempted. 

This  asymptotic  method  relies  on  the  crucial  assumption  that  N  is  large  enough  that  fluctuations  In 
tha  value  of  So  (Measured  from  Independent  realisations  of  the  sane  texture)  are  small  compared  to  its 
absolute  value.  Me  shall  not  present  a  rigorous  analysis  of  the  information  loss  (Insofar  as  specifying 
PCT]  is  concerned)  that  accompanies  such  fluctuations,  because  we  shall  adopt  the  viewpoint  that  S  »  S- 
sumarlses  all  the  Information  that  we  wish  to  preserve  about  the  image  TCx].  Further  information  can 
then  be  obtained  only  by  measuring  further  statistics  as  we  shall  describe-! a ter. 

PCT]  must  satisfy  the  constraint 

PCT]  ■  0  S  i  ^  (3) 

This  does  not  specify  what  form  PCT]  mutt  take  whan  S  >  S0  because  such  Information  is  not  contained  in 
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S  •  Id.  Mr  aapheilie  that  S  ■  t,  It  tht  tola  source  of  Information  about  tha  original  image,  so  that  we 
tiave  no  choice  but  to  dafliff  PTH  to  ba  constant  when  S  ■  V,:  this  Is  tha  least  eoa*lttal  way  of  performing 
tha  recehatructlon  of  tha  fOF  P[T].  Only  ona  of  tha  tihgeTwhleh  Is  permitted  by  such  a  PDF  is  tne  original 
Image,  but  tha  sot  of  all  panalttad  loagas  forms  an  ansaabla  which  Is  raprasantatlya  of  tha  actual  Informa¬ 
tion  which  Is  contained  In  S  •  So  alona. 

Wa  than  ganarata  synthetic  loagas  fro*  tha  para  It tad  sat  by  defining  an  approximate  P[S]  by 


PCS] 


(«) 


which  has  the  comet  for*  In  the  Halt  a  ♦  0.  Ha  have  chosen  to  use  a  Gaussian  PDf'  purely  for  convenience; 
It  has  no  fwndaaantal  significance.  Ha  than  define  a  P[T]  by  Inserting  Eq.je)  Into  Eg. (2)  Ignoring  tha 
contribution  of  tha  Z[S]  factor  which  Is  affectively  constant  In  the  limit  a  *  0.  Ha  than  use  a  Monte  Carlo 
(NC)  technique  to  sample  fro*  PCS]  by  repeatedly  attempting  to  update  a  pixel  values  according  to  tha 
prescription 

T[x]  ♦  T‘[x]  with  probability  (S) 


P  *  PCSCT]]  P'  s  PCSCT']] 

Tha  order  In  which  wa  select  pixels  for  updating  Is  rando*  In  order  to  tnsure  that  translational  sym¬ 
metry  Is  prasarvad  by  tha  NC  algorlth*.  He  refer  to  a  sat  of  N  such  updates  as  a  Monte  Carlo  cycle,  because 
such  a  sat  will  causa  an  average  of  ana  attempted  update  of  each  pixel  In  an  N  pixel  Image.  The  particular 
update  T  ♦  T*  which  Is  attempted  at  any  stage  *ay  ba  chosen  flexibly,  because  tha  properties  of  the  NC 
method  guarantee  convergence  provided  that  the  sequence  of  Images  generated  Is  ergodlc.  In  our  work  we  have 
represented  pixel  values  as  Integers  In  the  range  [0,255],  and  we  have  selected  at  random  within  this  range 
new  pixel  values  to  be  attampted  according  to  Eq.{5).  Other  prescriptions  could  be  used  In  order  to  enhance 
the  ability  of  the  NC  algorithm  to  explore  the  set  of  allowed  Images. 

The  paraaetar  a  Is  steadily  decreased  towards  zero  whilst  tha  NC  algorlth*  proceeds,  until  finally 
S  ■  &,  and  a  saaple  synthetic  Image  emerges.  This  particular  way  of  using  the  NC  Is  known  as  optimisation 
By  simulated  annealing  (OSA)  by  analogy  with  the  process  that  Is  used  In  crystal  growth  to  remove  unwanted 
defects  [2].  The  parameter  a  In  Eq.(4)  Is  usually  referred  to  as  the  temperature,  and  the  sequence  of 
values  of  a  which  1$  used  by  the  OSA  algorlth*  Is  called  the  annealing  schedule.  He  offer  no  simple 
prescription  for  a  general  annealing  algorithm  because  the  oest  choice  Is  highly  problem  dependent. 

However  In  our  work  (see  the  results  described  later)  we  have  found  that  5  Nonte  Carlo  cycles  at  each 
temperature  Is  sufficient  to  allow  equlllbrlatlon,  and  that  the  temperature  nay  be  reduced  by  a  factor  of  5 
after  each  set  of  5  cycles.  The  Initial  temperature  was  chosen  to  be  sufficiently  high  that  the  statistics 
were  only  weakly  constrained. 

RELATIONSHIP  TO  ENTROPY  NAXIHISATION 


The  OSA  algorithm  which  was  described  above  leads  to  a  synthetic  image  T0[x]  which  Is  sampled  non¬ 
committally  from  the  set  of  Images  which  satisfy  tha  constraint  S  -  S,,,  and  we  shall  denote  the  PDF  over 
synthetic  Inagas  by  Pgy^CT],  Pjyn^CT]  has  a  very  rich  underlying  structure  which  Is  derived  as  follows. 

Consider  an  ensemble  E  of  Images  defined  by 

E  5  (Tj,  T2»  ....  Tj|)  (6) 


where  each  member  of  E  Is  drawn  Independently  from  PCT] .  Define  the  average  statistic 


<S> 


* 


(7) 


When  the  nuaber  of  Image  pixels  N  Is  large  enough  that  the  relative  fluctuations  of  SL  are  negligibly  small 
the  constraint  <S>  >  S.  Is  equivalent  to  the  constraint  S  •  S..  Now  we  wish  to  flndthat  PDF  over  Images 
T[x]  which  maxImTses  The  number  of  ways  In  which  the  ensemble  E  can  be  generated  (using  Independent  samples) 
consistent  with  the  constraint  <S>  •  Sq. 

The  optimisation  problem  posed  above  Is  easily  solved,  and  gives  rise  to  the  familiar  maximum  entropy 
solution  whan  N  Is  large  [3] 


Psynth£T]  ■  »xp{-k.SCT]}  (8) 

where  the  constant  vector  k  must  be  chosen  so  that  <S>  •  S-.  The  existence  of  such  a  maximum  entropy 
solution  Is  not  Invariably-guaranteed  for  a  particular  constraint  S  *  Sn,  and  failure  to  obtain  a  solution 
Indicates  that  the  set  of  statistics  being  used  Is  Insufficient  to- characterise  the  texture  fully.  The 
converse  does  not  hold  however:  an  Insufficient  sat  of  statistics  does  not  preclude  the  existence  of  a 
maximum  entropy  solutton. 

Recall  that  we  are  considering  only  those  statistics  S[T]  which  have  the  form  of  a  spatial  average 
as  defined  In  Eq.(1).  Eq.(8)  may  now  be  written  as 

N 

■  n  exp  {-  k.s,) 

J-1 


psynth™ 


(9) 
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The  simile  global  constraint  S  •  Sn  which  was  expressed  In  Eq.(3)  has  therefore  Inducsd  a  rich  structure 
In  PtynaaCT]  which  Is  expressed  In  £q.(9).  Tha  jth  tans  In  the  product  Is  dapandant  only  on  tha  local 
vector  of  statistics  sj,  and  so  tha  ovarall  probability  Mature  Is  a  product  of  factors  with  only  local 
plxdl  dependencies. 

RELATIONSHIP  TO  HARKOV  RANDOM  FIELD  THEORY 

Tha  font  for  P.ynthtn  which  was  obtained  In  Eq.(9)  defines  a  Markov  random  field  (MRF)  [4].  The 
font  of  tha  statistics  vector  S[T]  My  be  chosen  arbitrarily  In  principle,  and  so  a  correspondingly 
complies tad  MRF  structure  may  5a  generated  according  to  Eq.(9).  The  scalar  product  k.Sj  records  the 
infonsatlon  which  Is  contained  In  the  constraint  S  •  S»:  the  form  of  S  Is  recorded  In  The  sj  vector,  and 
the  particular  value  ^  which  Is  measured  Is  recorded-™  the  Jt  vectorT 

The  OSA  algorithm  provides  a  quick  way  of  assessing  the  usefulness  of  a  particular  set  of  statistics 
S  for  modelling  a  textured  Image.  Derivation  of  the  vector  k  requires  more  extensive  computation,  and  so 
the  MRF  formulation  should  only  be  derived  If  the  detailed  form  of  the  PSynth^)  which  Is  Implied  by  S  •  Sg 
Is  required. 

An  advantage  of  the  MRF  formulation  1$  that  an  explicit  PDF  Is  obtained,  which  may  be  used  to  derive 
explicit  conditional  probabilities.  For  Instance  the  ratio  of  probabilities  that  a  pixel  can  take  each  of 
two  possible  values  whilst  all  other  pixel  values  are  held  constant  Is  given  by 

W-  *  »  Rxpi-k-Uj-Sj)}  (10) 

where  the  product  is  over  only  those  factors  In  which  Sj  Involves  the  pixel  of  Interest.  This  expression 
may  be  used  to  derive  the  MRF  formulation  of  the  MC  update  scheme  in  Eq. (5) .  Another  advantage  of  the  MRF 
formulation  which  emerges  from  Eq.(10)  If  the  s .  are  local  statistics  Is  that  the  MC  update  scheme  depends 
only  on  local  computations. 


CHOICE  OF  STATISTICS 

Me  could  adopt  the  assumption  that  nothing  at  all  Is  known  about  the  structure  of  the  Image  prior  to 
making  any  Masuraments.  However  In  practice  there  are  many  useful  strategies  for  designing  statistics 
which  facilitate  model  building.  Me  have  assumed  throughout  that  the  statistical  properties  of  the  Image 
are  translation  Invariant  (see  Eq . ( 1 ) ) .  This  Is  a  very  useful  approximation,  and  It  provides  a  good 
starting  point  for  Image  analysis. 

We  must  now  make  additional  assumptions  about  which  particular  form  of  S  should  be  chosen.  Me  can 
make  much  progress  by  appealing  to  simple  dimensional  arguments.  For  Instance  If  we  suspect  that  the 
Image  structure  contains  certain  length  scales,  then  It  is  useful  to  construct  statistics  which  are  sensi¬ 
tive  to  structure  on  such  length  scales.  A  particular  example  of  this  strategy  occurs  when  we  Identify  the 
scale  which  corresponds  to  the  point  spread  function  width  of  the  Imaging  system.  The  Image  will  usually 
be  locally  smooth  on  such  a  scale,  so  a  statistic  which  responds  to  the  presence  or  absence  of  such  local 
smoothness  Is  essential.  Other  length  scales  will  derive  from  the  structure  of  the  object  which  Is  being 
Imaged  -  these  are  more  difficult  to  quantify. 

Another  fundamentally  Important  point  to  observe  when  constructing  S  Is  to  ensure  as  far  as  possible 
that  Its  various  components  measure  Independent  Image  information.  A  priori  this  Is  an  Impossible  condition 
to  satisfy  because  we  do  not  know  In  advance  what  we  are  measuring.  An  interesting  case  arises  however  when 
It  Is  known  In  advance  that  the  Image  Is  described  by  an  MRF  model :  a  necessary  and  sufficient  set  of 
statistics  may  then  be  constructed  [5].  However  more  generally  there  Is  a  simple  rule  of  thumb  which  may 
be  used  to  reduce  substantially  the  Interdependencies  of  the  various  statistics. 

For  simplicity  we  shall  describe  a  one  dimensional  n  pixel  Image  T(x),  which  Is  written  out  as  a 
vector  of  pixel  Intensities 


T(x)  .  (I,,  I2 . !„)  (11) 

Define  a  doublet  of  local  statistics  sj  thus 

sj  -  (Ij.  (12) 


The  first  component  of  sj  measures  the  mean  pixel  Intensity,  and  the  second  component  measures  the  auto¬ 
correlation  for  a  one  pixel  displacement.  This  Is  an  example  of  a  poor  choice  of  statistics  because 
<ljlj+1>  Implicitly  contains  a  lot  of  Information  about  <Ij>.  A  far  better  choice  Is  the  doublet 

k  '  “j'Vm-W  <13) 

where  the  second  component  Is  now  zero  when  Ii  and  I,*<  have  their  mean  values.  This  new  component 
measures  the  degree  of  correlation  of  the  Intensities  of  adjacent  pixels. 

The  general  principle  which  underlies  the  above  strategy  may  be  written  In  a  recursive  manner.  Thus 
define  the  basic  Image  statistic  by 


s 


(1) 

i 


(14) 


from  which  all  other  statistics  will  be  derived.  Define  a  derived  statistic  by 
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where  f  Is  a  suitably  chosan  function  of  two  vertables.  Clearly  when  f(*,,l§)  ■  *1*2  tha  doublet  In  Eq.(13) 
Is  racovarad.  Eq.(15)  nay  ba  generalised  further  by  uslngtt  recursively  to  construct  further  statistics. 
Tha  function  f  need  not  be  the  HR  it  each  Stage  of  the  recursion,  nor  need  It  be  a  function  of  two 
variables  only.  If  tha  first  tens  In  Eq.(15)  has  the  general  form  f<zi,Z9,...,Z|(),  then  the  second  tana 
should  have  tne  form  f(<ii>,<iy>,..,,<lg>).  This  recursive  nethod  of  eeflnlng  new  statistics  has  the 
advantage  that  the  second  tens  sen  always  be  obtained  froai  existing  measurements  of  the  spatial  average  of 
simpler  statistics,  and  so  the  computational  overhead  In  producing  a  desirable  behaviour  for  the  new 
statistic  Is  acceptable.  It  Is  Important  to  note  that  this  method  hat  been  justified  on  the  grounds  of 
simplicity  alone:  It  Is  not  guaranteed  to  produce  anything  more  than  a  qualitative  Improvement  In  the 
independence  of  the  statistics. 

A  problem  nay  arise  In  the  OSA  algorithm  whan  the  components  of  Sn  have  widely  differing  absolute 
values.  For  Instance  this  nay  occur  when  the  d teens Ions  of  the  various  statistics  are  different  (eg  differ¬ 
ent  powers  of  Intensity).  Either  the  statistics  should  be  redefined  so  that  they  have  similar  absolute 
values,  or  Eq.(4)  should  be  replaced  by 


where  now  the  a,  define  different  temperatures  for  each  statistic.  Typically  the  ratio  of  the  various  a, 
should  be  chosen  to  be  equal  to  tha  ratio  of  the  corresponding  $0  ,  In  order  to  ensure  that  the  Si  -  S<  „ 
are  given  equal  weight  In  Eq.(16).  * 

RESULTS 

Me  shall  now  examine  how  a  simple  set  of  statistics  can  successfully  model  textured  SAR  and  sonar 
Images.  For  simplicity  we  shall  restrict  ourselves  to  using  tha  first  six  moments  and  some  local  2-polnt 
statistics.  Thus  we  define  the  Intensity  of  pixel  (j,k)  of  an  Image  to  be  I,  g,  and  then  we  define  the 
vector  of  local  statistics  to  be  of  the  form  “ ’ 


where 
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-Jfc 

CM 

•o 

M 
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•  Jj-8,k+8  * 

*j-8,k+7 

g  •••»•• 

•  ^-s.k+i* 

where  s(I\  sl?^,  >  and  s!?^  are  understood  to  have  the  product  of  means  subtracted  out  as  prescribed 

In  Eq.TlS).  ~rlia  four  components  of  Mg'  measure  the  degree  of  correlation  between  Ijg  and  the  nearest 
pixel  In  the  east,  north-east,  north  and  north-west  directions.  The  remaining  points  of  the  compass  are 
contained  In  sj.i  g,  sj-i,k-i,  *j,k-l  end  sj+i  g.i.  The  purpose  of  remaining  statistics  Is  to  measure  the 
analogous  degrees ’of  correlation  at  separations  of  2,  4  and  8  pixels,  where  the  pixel  separation  Is  the 
half-length  of  the  side  of  a  square  (with  sides  parallel  to  the  north-south  and  east-west  directions) 
centred  on  one  pixel  and  passing  through  the  other  pixel.  This  choice  of  statistics  Is  somewhat  arbitrary 
and  possibly  redundant,  but  It  will  suffice  to  demonstrate  the  power  of  our  technique. 


The  Image  In  Figure  1(a)  Is  a  128  x  128  SAR  Image  of  a  wooded  region. 


Figure  1{a) 


There  are  several  distinctive  features  to  note  In  this  Image.  Firstly  there  Is  an  obvious  correlation 
In  the  north-south  direction  which  smooths  the  Image  on  a  length  scale  of  about  two  pixels.  This  anisotropy 
Is  caused  by  the  different  physical  means  which  are  used  to  create  two  orthogonal  components  of  the 
(factorlsable)  point  spread  function  In  the  SAR.  The  Image  also  has  a  clumpy  structure  which  has  a  range 
of  length  scales  ranging  from  a  few  pixels  out  to  many  tens  of  pixels.  However  the  dominant  structure  Is 
found  at  length  scales  less  than  of  order  10-20  pixels.  There  are  also  a  few  much  darker  regions  In  the 
Image:  these  are  regions  which  are  not  Illuminated  by  the  radar  (1e  shadows). 

^^64^64  synthetjjj^lm^s  ^hjch^^e  |h^wn  In  Figures  1(b)  to  1(e)  correspond  respectively  to  using 


Figure  1(b) 


Figure  1(c) 


Figure  1(d) 


Figure  1(e) 


Thus  each  successive  Image  has  an  extra  set  of  statistics  Included.  There  Is  a  clear  Improvement  In 
the  quality  of  the  synthetic  image  as  longer  range  statistics  are  Introduced,  until  finally  Figure  1(e) 
shows  a  marked  similarity  to  Figure  1(a).  There  are  nevertheless  discrepancies  which  remain  because  there 
are  no  statistics  which  are  sensitive  to  structure  on  a  scale  greater  than  8  pixels,  nor  art  there  any 
statistics  which  depend  on  more  than  2  pixel  values.  It  Is  Interesting  to  note  that  the  set  of  statistics 
which  Is  used  to  produce  Figure  1(e)  Is  highly  redundant.  A  more  careful  approach  where  a  statistic  Is 
added  to  the  existing  set  of  statistics  only  tdten  Inconsistencies  between  tne  original  and  the  synthetic 
Images  are  observed  gives  a  much  more  efficient  representation  of  the  textured  Image  structure. 

The  128  x  128  Image  In  Figure  2(a)  Is  a  sonar  Image  of  the  sea  bed. 


i  Ci'H  ■ ;  •  '**'  .  . n-CU  u 


Figure  2(a) 


It  shows  a  completely  different  texture  to  that  seen  In  Figure  1(a),  and  so  It  provides  an  Independent 
test  of  our  method.  Figures  2(b)  to  2(e)  are  produced  In  an  analogous  fashion  to  Figures  1(b)  to  1(e). 


st 
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Figure  2(b) 

Figure  2(c) 

Figure  2(d) 

Figure  2(e) 

As  before  the  synthetic  Image  quality  Improves  as  we  pass  from  Figure  2(b)  to  Figure  2(e),  with  the 
texture  of  Figure  2(e)  showing  a  narked  similarity  to  that  of  tha  original  Image  In  Figure  2(e). 

The  64  x  64  Image  In  Figure  3(a)  Is  another  sonar  Image  of  the  sea  bed  which  shows  the  presence  of 
sendee ves. 
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characteristic  structure 


I  by  the  lUtlittci  which  wt  are  using. 


TM*  lim  1*  not  Ideally  suited  to  aur  mm  beaten  m  •wHatlfll  raortlu  oro  not  homonoowt 
Hawewr  m  synthetic  tango  oMetmad  «*teg  the  statistics  of  MlilMK  It  shown  in  F1gurel(b)  tgtln 

Mi  t  merktd  similarity  to  tht  OFIflMl . 


This  miult  It  probably  fortottoao  because  the  statistics  wurad  from  Flavin  J(»)  tro  t  spatial 
average  over  m  Inhomogeneous  texture,  ond  to  ropr  taint  no  single  tax  tun  within  thn  image.  To  a  aueh 
laitor  extant  tbit  murk  alto  applies  to  thn  Images  In  Flaunt  1(a)  and  Ka). 


CONCLUSIONS 


Thn  multi  which  wo  haw  proton  tod  domttrtto  that  our  synthetic  Image  generation  mthod  producwa 
good  multt  whan  using  a  limited  tot  of  tHpla  itatlitlci.  Tbit  It  awn  aon  Inprottlw  whan  thn  tot  It 
pruned  to  wow  redundant  itatlitlci.  It  It  Interesting  to  noto  that  w»  haw  produced  a  worksbl*  scheme 
for  oodtlllng  tax tu rod  Iwtgat  utlng  only  translation  In  variance,  and  tl^le  dlwnntlonal  arguotntt.  Of 
courtn  wt  do  not  pratand  that  all  textures  can  bo  model 1*d  utlng  the  1 -point  and  2 -point  statistics  of  Eg. 
(ISh  thatn  ware  utad  only  to  domatroto  haw  our  Mthod  1*  wind  In  t1#1t  euat.  Mt  haw  thown  how  it  it 
pottlblo  to  use  NRF  wodnlt  to  describe  tontwron  without  attually  tolvlng  wpllcltly  for  thn  NRF  partMtort. 
This  It  a  groat  computational  laving  In  circuit tancot  whom  such  parameters  are  not  explicitly  required, 
and  It  provldet  a  significant  advance  over  previous  NRF  oodtlllng  tchoMt  for  textured  images  CD. 

An  example  of  the  type  of  Image  which'  will  require  more  coop Ilea tad  statistics  is  a  SAR  Image  of  a 
town,  where  there  ere  many  extended  linear  and  angular  features,  Us  will  than  need  high-order  statistics 
which  respond  to  end  distinguish  between  such  features.  The  power  of  our  Mthod  Is  such  that  wo  can 
systematically  design  e  sat  of  such  statistics  which  extracts  only  that  InforMtlon  from  the  textured 
1mm  T(xJ  which  It  required  to  describe  Its  textural  structure.  It  Is  Interesting  to  note  that  the  use 
of  nlgh-Srritr  statistics  can  product  models  In  which  there  Is  a  strong  deterministic  element,  so  we  see 
that  the  separation  of  models  Into  stochastic  and  deterministic  classes  Is  somewhat  artificial.  The  HC 
algorithm  must  be  very  carefully  designed  when  high-order  statistics  ere  used  because  there  Is  a  real 
possibility  that  ergodlclty  might  not  be  achieved  during  the  annealing  process. 

The  choice  of  statistics  Is  not  entirely  arbitrary,  because  physical  Insight  Is  available  to  narrow 
down  the  variety  of  possible  statistics  which  might  be  considered.  This  strategy  will  ensure  that  the  set 
of  statistics  represents  the  textural  structure  of  TCx]  economically  -  translational  Invariance  Is  e  trivial 
example  of  the  use  of  a  physical  constraint  to  build  a  nodal.  The  optimum  trade-off  between  phenomenology 
and  physics  mutt  be  chosen  to  amteh  the  particular  type  of  iMga  and  prior  knowledge  that  It  tvtlltbla. 

Finally  the  answer  to  the  question  "Markov  random  fields:  a  strategy  for  clutter  modelling?*  Is 
ewhttlcally  “yes*,  because  of  their  flexibility  In  describing  a  great  variety  of  texturad  Images,  and 
because  of  the  great  computational  saving  which  It  offered  by  our  technique. 
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StMtAAT 

A  forested  aroa  Is  modeled  as  a  volume  of  randomly  orlontod  and  dlitrlbutod  disc¬ 
shaped,  or  needle-shaped  leaves  shading  a  distribution  of  bronchos  modeled  as  randomly 
orlontod  flnl to- length,  diolootrle  cylinders  above  an  Irregular  soil  surface.  Sines  the 
radii  of  brandies  have  a  wide  range  of  alios,  the  model  only  requires  the  length  of  a 
branch  to  be  large  compared  with  its  radiua  which  may  be  any  alia  relative  to  the 
inoident  wavelength.  In  addition,  tho  modal  also  assumes  that  the  thlekneas  of  a  disc¬ 
shaped  leaf  or  the  radius  of  a  needle-shaped  leaf  is  much  sraller  than  the 
electromagnetic  wavelength.  The  scattering  phase  awtrices  for  disc,  needle  and  cylinder 
are  developed  in  terms  of  the  scattering  aaplitudes  of  the  corresponding  tielda  which 
are  computed  by  the  Helmholts  integral  formula.  The  extinction  coefficients  ere 
computed  by  the  forward  scattering  theorem.  These  quantities  along  with  the  Klrchhoff 
scattering  model  for  a  randomly  rough  surface  are  used  in  the  standard  radiative 
transfer  formulation  to  compute  the  backaeattering  coefficient. 

Humerical  illustrations  for  the  backaeattering  coefficient  are  given  as  a  function 
of  the  shading  factor,  incidence  angle,  leaf  orientation  distribution,  branch 
orientation  distribution  and  the  number  density  of  leaves.  Also  illustrated  are  the 
properties  of  the  extinction  coefficient  as  a  function  of  leaf  and  branch  orientation 
distributions.  Comparisons  are  siade  with  measured  backscettering  coefficients  from 
forested  areas  reported  in  the  literature. 

1.  INTRODUCTION 

Scattering  of  electromagnetic  waves  from  a  forested  area  is  modeled  by  a  layer  of 
discrete  randomly  oriented  and  distributed  scatterers  over  a  rough  interface.  The 
diaarete  scatterers  are  the  leaves  and  branches  of  the  trees,  the  rough  interface  is  the 
soil  underneath.  The  leaves  will  be  modeled  as  circular  discs  or  needlas.  The  branches 
will  be  modeled  as  randomly  oriented  cylinders  of  finite  length.  A  shading  factor  will 
be  introduced  to  study  the  shading  effect  of  the  leaves  on  the  branches. 

In  the  literature  the  scattering  of  electromagnetic  waves  from  a  layer  of  discrete 
scatterers  had  been  investigated  using  the  distorted  Born  approximation  [1,  2],  the 
doubling  method  (3,  4],  and  the  radiative  transfer  method  [5-7). 

In  this  study  the  first  order  solution  of  the  radiative  transfer  will  be  used  to 
calculate  the  backaeattering  coefficients  [5-7]  in  which  the  phase  function  and  the 
extinction  coefficient  for  each  spatterar  are  required.  For  a  randomly  oriented,  disc, 
needle  or  finite  length  cylinder  to  obtain  the  phase  function  and  the  extinction 
coefficient  we  will  follow  the  technique  developed  in  references  [7-91. 

Finally  in  Sec.  4  numerical  illustrations  for  the  backaeattering  coefficient  will  ba 
given  as  a  function  of  the  shading  factor,  the  incidence  angle,  the  leaf  orientation 
distribution,  the  bran oh  orientation  distribution  and  tho  number  density  of  leaves. 

Also  illustration  will  be  given  for  the  properties  of  the  extinction  coefficient  as  a 
function  of  leaf  and  branch  orientation  distributions.  At  the  and  comparisons  will  be 
made  with  soam  measured  backaeattering  coefficients  from  forested  areas  reported  in  the 
literature  [10] . 

2.  BACKSCATTXRING  COEFFICIENT 

Consider  a  foraated  area  modeled  as  a  layer  of  randomly  oriented  disc-shaped  or 
needle-shaped  leaves  shading  a  distribution  of  branches  modeled  as  randomly  oriented 
finite  length  cylinders  above  a  rough  interface.  The  layer  has  a  depth  (D)  and  is 
illuminated  by  a  plane  wave  in  the  form? 

(ti 

where  f  is  the  incident  direction  and  and  ti4  are  the  unit  polarisation  vectors 
defined  as  (see  Fig.  l)i  11 
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TIM  beak  scattering  coefficient  trm  th«  layer  can  ba  written  by  using  ths  first  order 
solution  of  the  radiative  transfer  equationa  aa  [I] 

I«  (1)  p  stands  for  the  polarisation  of  the  scattered  save  (p  -  vg,  hg) ,  q  stands  for 
the  polarisation  of  the  lnoldant  wave  (q  •  v^,  h^)  and  C  stands  for  the  shading  factor 
(C  <  1).  o  *,  and  apqb  are  the  backseattaring  eoefflolents  fro*  the  surface,  the 

leaves  and  the  branches  respectively. 

For  e  Gaussian  distributed  random  surface  we  can  write  the  surface  baoksoattering 
coefficient  a  *  as  HU 
N 


PM 

H) 


where  hpp<°)  is  the  Fresnel  reflection  coefficient  evaluated  at  normal  incidence!  <sg2> 
is  the  surface  variance  and  Lpq  is  tha  loss  faotor  due  to  the  leaves  and  the  branches 
given  by 


where  <kgp(  f  )  >  is  the  p-polarised  extinction  coefficient  for  both  the  leaves  and  the 
branches!  n^  is  the  number  density  of  leaves!  <k-tp (1) >  is  the  extinction  coefficient  of 
a  single  leaf  while  and  <kgbp(t) >  are  the  corresponding  quantities  for  branches.  The 

extinction  coefficients  can  be  obtained  from  the  scattering  amplitudes  through  the 
forward  scattering  theorem  [121,  In  (S)  the  ensemble  average  is  taken  over  the 
acatterer  orientations . 

For  the  leaves  we  can  write  tha  baoksoattering  coefficient  a  1  [9]  as 

P*» 

V*s%  m  *  lpg>  /  <  <  >  1 1  <  I  fpgVnl  4 11  > 

m 

where  ^iFp^N-t.fl  |2>  is  the  pq  term  of  the  phase  matrix  in  the  backwaru  direction. 

F  2  (-1, t)  is  the  pq  term  of  the  leaf  scattering  amplitude  tensor  in  the  backward 
direction. 

Similarly,  we  can  write  tha  backscattering  coefficient  for  tha  branches  as  (9) i 

where  r^N'i,!)  is  tha  pq  term  of  the  scattering  amplitude  tensor  for  a  branch  in  the 
backward  direction. 

3,  TIIS  SCATTERING  AMPLITUDE  TENSOR  FOR  A  RANDOMLY  ORIENTED  SCATTERER 

„  Fig,  (2)  depicta  the  geometry  of  a  randomly  oriented  acatterer .with  its  local  frame 
Xj'  (Jj*  -  x*.  S'  -  f,  S'  -  1}  related  to  the  reference  frame  «i(x1  -  S,  Sj  «  S3«  1) 

through  tha  relation 


M 


$ "*  *U«J 

**» 


For  the  Tait-lryan  angles  of  orientation  (a,  I,  y^j's  ere  9 Ivan  in  [?,  I), 

In  tha  local  fraat  the  scattering  aaplituda  tanaor  can  ba  written  am 

r'«i.X2rM'£W*^  » 

there  can  ba  computed  by  tha  aelnholts  integral  aquation  (131  •  p|t,  and  qit 

are  tha  polarisation  vac tori  for  tha  acattarad  and  tha  lneidant  flalda  in  tha  local 
*****  ‘Pat"  \f  “at  «it  *  »if  hll>* 

for  a  circular  disc  with  radius,  a,  and  thicknaaa ,  at,  (t<<a)  we  can  write  F  • (s,i) 


as  (13) 


<1 


♦  ta^  *  *■>  *  ***  1 


and  k  la  tha  wave  n unbar  of  tha  host  aadiua,  <r  la  tha  ralativa  dialactric  constant  of 
tha  disc  and  vQ  is  the  disc  voluaa.  a^  and  a^  ara  tha  polarisability  tanaor  alananta 
for  tha  disc  (14).  In  (10)  iid(a,t)  la  tha  disc  pupil  function  and  is  givan  by 


•  I 


Ai-t»vX  r*«**d* -d^n|  I^MLj 

**  •  1 


(12) 


whara  Jft(  )  la  tha  cylindarical  Baaaal  function.  (8^,  *lt*  ara  the  local  anglas  in  tha 
incident  direction.  ♦,*)  are  tha  local  angles  in  tha  acattarad  direction. 

For  a  needle  of  radius,  a,  and  length,  21,  (*>>a)  wa  can  write  tha  soattaring 
aaplituda  tanaor  in  tha  local  fraaa  as  (13) 


(IS) 


where 


■ 1  •‘S'11  *■** 1 1  *  *****  •***  •» 

(19) 


and  a  can  ba  written  as 


m 


In  (14)  a^  and  aNn  ara  tha  polariiability  tanaor  alananta  for  tha  naadle  (14). 
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For  a  finite  length  cylinder  with  radius,  a,  and  length,  21,  we  can  write  the 
scattering  amplitude  tensor  in  the  local  frame  aa  [9] 

(17) 

vhtri 

m 

CK^Ti-kfev-iilx  j  *„■  v,  ■***>  -  <V  Vi  ■*-**>  > 

Vi  ■*-**>! 

<*> 

where  51<jn,  and  *n(J  are  given  in  terms  of  the  cylinderical  Beeael  end  Hankel 

function  [9!.  Furthermore, 

•  _ 

In  (17)  the  p-..-pii  function  uc(i,l)  can  be  written  aa 


ji'tiLi)-**/*  (2o) 

♦  *  H)W^  ♦  tw^|)  (21) 


To  transfer  the  scattering  amplitude  tensor  into  the  reference  frame  we  write  the 
identity  tensor  U  at 


(22) 

II  A  A  A  A  *  A 

0"St  +  ift»|  +  ktllt 

(23) 

Then  multiplying  (9)  from  the  right  by  (22)  and  from  the  left  by  (23)  and  after  some 
mathematical  manipulation  the  scattering  amplitude  tensor  in  the  refrence  frame  can  be 
written  as 

f£6-X  a*) 

where  ^  ^ 

Fpq&O-X  £  FM'  (s,  j)  (Pj*  p,|)  (q^  •  ^)  (25) 

* 

In  (25)  'Pa'Pai>  and  (q^*^)  can  be  obtained  from  [7-91. 

4.  THE  EXTINCTION  COEFFICIENT 

The  extinction  coefficient  in  (5)  can  be  computed  in  accordance  with  the  forward 
scattering  theorem  [121  for  the  leaves  as: 

(ai) 

where  Im(  )  is  the  imaginary  part  operator.  For  a  needle  or  a  disc  in  the  forward 
direction  the  pupil  function  reduces  to  unity  and  consequently  the  extinction 
coefficients  reduce  to  those  corresponding  to  a  Rayleigh  scatterer  as  given  an  Ref. 

(5,  7).  Fc r  a  finite  length  cylinder  the  extinction  coefficient  is  given  in  [9]. 

5.  NUMERICAL  RESULTS  AND  DISCUSSION 

In  Figs.  3  through  6  theoretical  curves  are  shown  to  illustrate  the  backseat tering 
beha-iora  of  trees  when  the  branches  are  assumed  uniformly  distributed  while  the  leaves 
are  taken  to  be  either  nearly  horizontally  or  vertically  distributed  to  provide  bounds 
for  the  scattering  coefficient.  The  disc-shaped  leaves  are  shown  in  Figs.  3  and  4  and 
the  needle-shaped  leaves  in  Figs.  5  and  6.  Fig.  7  shows  the  extinction  coefficient  for 
deciduous  vegetation  ’  uraing  a  volume  fraction  of  O.lt  for  branches  and  0.3*  for  leaves. 
It  turns  out  that  the  branches  are  not  the  dominant  attenuators  so  that  large  difference 
is  seen  when  we  change  the  leaf  distribution  from  nearly  horizontal  to  nearly  vertical. 

If  the  vo  .me  fractions  of  the  branches  and  leaves  are  switched,  the  same  calculations 
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should  product*  euoh  smaller  variations  of  the  extinction  coefficient  with  the  incidence 
angle.  Mg.  8  show*  tha  af fact  of  initial  shading  of  laavaa  on  tha  branchaa  whan  tha 
antanna  baaa  first  gat  in  contact  with  tha  vagatation.  In  tha  eaaa  of  deciduous 
vagatation  probably  88t  or  aora  of  tha  illuminated  arts  ia  covarad  with  laavaa.  This 
parcant  of  shading  should  ba  last  for  conifaroua  vagatation.  However,  tha  axact  figura 
ia  not  wall  known.  For  tha  purpoaa  of  illustration  wt  oonsidar  a  oas*  of  uniform 
distribution  for  tha  branchas  and  nearly  horisontal  or  vartioal  for  disc-ahapad  laavaa 
at  an  inoidanoa  angla  of  50  dograsa.  In  Fig.  9  a  comparison  of  tha  aoattaring  modal 
with  tha  maasuramsnts  from  forest  is  shown  (10) .  Sinoa  thara  is  not  anough  ground  truth 
for  a  sarious  comparison,  only  tha  bounds  established  by  tha  thaory  under  tha  assumption 
of  nearly  horisontal  and  vartioal  leaf  distributions  and  uniform  branch  distributions 
ara  shown.  In  general ,  tha  branch  distribution  is  probably  not  uniform.  It  ia  seen 
that  tha  theoretical  bounds  do  cover  tha  meaaur ament  region. 

6.  CONCLUSIONS 

A  fairly  cosqplat*  scattering  nodal  for  a  vegetated  area  has  bean  developed.  Tha 
complexity  of  a  vegetated  environment  requires  batter  knowledge  of  leaf  and  branch 
volume  fractions,  their  orientation  distributions,  thair  dielectric  properties,  tha 
shading  factor,  and  tha  siss  distribution  of  branchaa  to  raalisa  a  direct  comparison. 

At  this  writing  tha  site  distribution  of  branchas  ia  not  known  and  only  an  aff active 
branch  sisa  is  used  to  save  computational  time.  Further  study  is  clearly  needed  to 
justify  or  improve  tha  modal. 
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SHADING  FACTOR  (C) 


rig.  I  Sack scat taring  of  vertically  polarised  plan*  wav*  f row  a  layer 
of  discs  shading  flnit*  length  cylinders  over  rough  interface 


INCIDENCE  AMPLE  (DEO) 


rig.  f  laokseattering  of  horisoatally  polarised  plana  wave  fras  a  layer  of 
dioaa  shading  finite  length  cylinders  over  a  rough  interface 


DISCUSSION 


R.  Millar,  UR 

In  ordar  to  obtain  tha  cross  saceion,  it  is  necessary  to  have  good 
estimates  of  tha  parameters  in  your  nodal.  Tha  parameters  are 
difficult  to  nassura,  and  vary  greatly  fron  one  type  of  woodland  to 
another;  sone  also  vary  with  season.  Is  it  possible  to  obtain 
meaningful  estimates  of  the  cross  section  without  previously 
measuring  all  tha  parameters? 

Author's  Reply 

It  is  possible  to  obtain  meaningful  estimates  of  o°  when  the  bounds 
on  the  model  parameters  ere  known  for  a  given  case  of  interest.  The 
value  of  a  theoretical  model  is  to  provide  the  sensitivity  of  <j°  to 
different  model  parameters. 

H.M.  Schlmpf ,  W.GR 

For  radar  practice,  one  defines  the  reflectivity  of  aQ  in  the  hope 
that  this  parameter  does  not  depend  on  the  beam  alee  of  the 
antenna.  Does  your  model  allow  any  predictions  whether  or  not  there 
exists  a  relationship  between  reflectivity  and  beam  sine? 

Author's  Reply 

Modeling  deals  only  with  <r°.  The  radar  beam  function  is  used  in  the 
return  power  calculation  which  is  a  function  of  both  the  radar  beam 
width  and  o°.  No  relationship  should  exist  between  the  latter  two 
quantities. 


COHERENT  SCATTERING  FROM  RANDOM  MEDIA 


■M 


C.J.  Oliver 

Royal  Signals  and  Radar  Establishment 
St  Andrews  Road 
Malvtm 
Worcestershire 
HR14  3PS 
UK 


SUMMARY 

This  pa  par  dlscussts  tha  rapraaantatlon  and  slaulatlon  of  clutter  textures  In  eoharant  scattaring  In 
terms  of  a  corraUtad  nolsa  model.  Initially  axprasslons  for  tha  datactad  Intanslty  whan  eoharant  radiation 
Is  scattarad  frtxa  a  surfaca  with  fluctuating  cross-sactlon  ara  darlvad  demonstrating  how  tha  affects  of 
surfaca  statistics  and  correlation  propartlas  Interact  with  tha  lagging  function.  Secondly,  a  model  for  tha 
cross-section  fluctuations  based  on  negative-binomial  or  gaana-dlstrlbutad  statistics  Is  proposed.  Whan 
coherent  radiation  Is  scattered  by  a  surfaca  with  these  properties  the  resulting  Intensity  distribution  can 
be  shown  to  be  K  distributed.  Havlhg  derived  theoretical  predictions  for  the  correlated  noise  model  with  a 
variety  of  spectral  fortes  a  texture  simulation  technique  Is  proposed  based  on  linear  filtering  which 
duplicates  the  two-point  correlation  properties  of  the  observed  Intensity.  Finally,  a  comparison  of 
original  Image  data,  simulated  textures  and  tha  theoretical  model  1$  made  for  a  number  of  examples  of 
differing  textures  of  both  natural  and  manmade  clutter. 

LIST  OF  SYMBOLS 


c(x) 
a(x) 
♦<■*) 
hlx) 
II  x) 
olx) 


r! 

«•< 


a 


field  at  position  x  In  the  receiver 

scattering  amplitude  at  position  x  In  the  surface 

random  phase  contribution  at  position  x  In  the  surface 

Imaging  response  function 

detected  Intensity 

surface  cross-section 

games  function  of  order  v 

modified  Bessel  function  of  order  v 

jth  coefficient  of  weighting  function  used  In  cross-section  simulation 


1.  INTRODUCTION 

When  coherent  radiation  Is  scattered  from  a  large  number  of  randomly  positioned  scatterers  the  resulting 
field  takes  the  form  of  a  complex  Gaussian  random  variable  due  to  the  random  Interference  between  contribu¬ 
tions.  This  gives  rise  to  the  well-known  speckle  In  coherent  Imaging.  In  this  paper  we  shall  discuss  the 
Interaction  between  this  consequence  of  the  Imaging  process  and  the  statistical  and  correlation  properties 
of  the  underlying  surfaces.  Central  to  the  approach  Is  the  assumption  that  the  surfaces  to  be  imaged  are 
rough.  Such  rough  surfaces  may  be  represented  as  made  up  of  a  large  number  of  randomly-positioned  scatterers 
per  resolution  cell.  Provided  that  the  mean  number  of  scatterers  per  resolution  cell,  or  local  cross- 
section,  does  not  vary  the  Intensity  probability  density  function  (PDF)  would  be  a  negative  exponential. 
Spatial  fluctuations  In  the  scatterer  density  or  cross-section  would  then  give  rise  to  the  excess  fluctua¬ 
tions  In  the  detected  Intensity  which  convey  the  scene  content. 

In  the  first  section  we  derive  the  properties  of  the  scattered  radiation  from  such  a  rough  surface  for 
an  arbitrary  cross-section  fluctuation  demonstrating  the  Interaction  of  the  imaging  function  with  the  surface 
properties.  Secondly,  we  consider  a  correlated  noise  model,  based  on  the  gamma  or  negative-binomial 
distributions,  to  describe  .the  surface  [1-3]  demonstrating  that  this  yields  a  correlated  K-dlstrlbuted 
Intensity.  In  the  third  section  a  method  for  simulating  such  textures,  based  on  a  linear  filter  approach. 

Is  discussed  [3,4].  Finally,  we  make  a  comparison  of  a  variety  of  coherent  Image  clutter  textures  with 
simulations  and  the  predictions  of  the  theoretical  model  In  tha  fourth  section.  Most  of  these  textures  are 
taken  from  high  resolution  synthetic  aperture  radar  (SAR)  Images  obtained  with  the  RSRE  X-band  airborne 
system.  To  Indicate  the  generality  of  the  approach  an  example  of  sonar  clutter  Is  also  Included.  Throughout 
the  paper  the  theory  will  be  expressed  In  a  one-dimensional  form  for  simplicity.  A  full  two-dimensional 
treatment  Is  given  elsewhere  [2,3]. 

2.  SCATTERING  FROM  ROUGH  SURFACES 

For  the  rough  surface  modal  based  on  a  large  number  of  randomly-positioned  scatterers  per  resolution 
cell  the  complex  field  contribution  from  the  single  scatterer  at  a  position  xj  can  be  separated  Into  a 
scattering  amplitude  factor,  a(xi),  and  .a  random  phase  factor,  4(x<),  determined  by  the  scatterer  position. 
The  total  field  at  the  receiver  at  a  position  x  Is  then  derived  by  sunning  over  all  such  contributions 
within  the  resolution  cell,  le 


c(x)  »  B  J  dx,  a(x,)  exp[l4(x,)]  h(x,-x)  (1) 


where  h(x)  Is  the  spatial  Impulse  response  of  the  Imaging  system  and  B  Is  a  constant  describing  the  energy 
collection  of  the  receiver.  The  spatial  average  over  this  field  Is  zero  because  of  the  cancellation  of  the 
random  phase  terms.  If  we  consider  the  detected  Intensity 
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m 

t(x)  *  ]«(x)|2  ■  |B|2  ^*dx,  dx2  a(x,)  a*{x2)  •xp[1t*(x1)-«(x2))] 

x  h(x1 -x)  h*(x2-x)  (2) 

then  this  only  Ms  non-zero  contributions  to  the  ever* ge  when  pelrs  of  positions  ere  Identical  so  tMt 


<I>  •  1 8 1 z  <o> 


J  dx,  |h{x,)|2 


(3) 


where  o  -  a(x)  a*(x)  Is  defined  as  the  cross-section  at  position  x.  It  can  be  shown  [1-3]  that  all  the 
MgMr-order  statistical  properties  of  the  received  field  and  Intensity  are  subject  to  the  same  cancellation 
so  that  the  only  non-zero  contributions  are  expressed  In  terns  of  the  cross-section  variable  alone.  One 
Important  measure  of  the  properties  of  the  detected  Intensity  Is  the  two-point  statistics,  the  auto¬ 
correlation  function  (ACF) .  This  nay  be  shown  to  separate  Into  four  term  which  combine  the  Imaging  function 
with  tM  surface  cross-section  ACF  [1-3,5] 


<I(0)I(x)>/<I>2  -  1  +  j  dx,  !h(x,)|2|h(x1*x)|  !/{I  dx1  |h(x^ ) 

+  dx,d»2  (|h(x,)|2|h(x2+x)|2 


+  h(x1)h*(x1+x)h(x2)h*(x2+x)) 


/ dXl 


(4) 


The  first  of  these  terms  Is  a  constant  flat  background  corresponding  to  uncorrelated  noise.  The  second 
contains  only  the  ACF  of  the  Imaging  function.  These  first  two  terms  would  be  observed  If  there  were  no 
underlying  cross-section  fluctuations  and  describe  the  correlation  properties  of  the  speckle.  The  third 
term  can  be  reduced  to  a  convolution  form  Involving  the  surface  covariance  function  and  the  square  modulus 
of  the  Imaging  function  [3,5].  Basically  It  represents  the  effects  of  Incoherent  Imaging  of  the  original 
surface  and  yields  a  detected  Intensity  contribution  proportional  to  original  cross-section  filtered  by  the 
envelope  of  the  Imaging  function.  It  therefore  contains  Information  about  the  cross-section  fluctuations 
on  a  scale  greater  than  the  Instrumental  width.  The  last  term  Is  due  to  the  coherent  parts  of  the  Inaging 
process  and  depends  on  the  full  complex  Imaging  response.  In  practice  this  term  only  contributes  for  delays 
less  than  the  Imaging  function  width  and  Indeed  approximates  to  the  form  of  the  second  term  with  a  value  at 
the  origin  of  <o«>/<o>2  -  t. 

Similar  analysis  cm  be  performed  to  derive  the  properties  of  higher-order  single-point  moments  [1,2]. 
The  normalised  nth  moment  of  the  detected  Intensity  can  be  shown  to  be  related  to  that  for  the  cross-section 
by  the  equation 


<1%  -  nl<& 

<I>"  <S>" 

where  S  represents  the  filtered  form  of  the  cross-section  [3]  given  by 


<Sn> 

<S>n 


dx1>..,dxn 


<o(x1)....a(xn)> 

ZZn 


(5) 


x  lh(x,)|2. 


(6) 


This  simple  relationship  between  the  moments  of  the  detected  Intensity  and  the  filtered  cross-section  results 
from  the  cancellation  of  all  but  those  pairs  of  terms  In  which  the  phases  are  Identical  In  the  original  model 
for  the  surface. 


In  Interpreting  image  data  one  would  prefer 
possible  to  deduce  the  underlying  behaviour.  In 
process  In  terms  of  the  relationship  between  the 
original  cross-section,  let  us  next  examine  the 


to  remove  the  effects  of  the  Imaging  process  so  far  as  Is 
this  section  we  have  analysed  the  physics  of  the  Imaging 
properties  of  the  detected  Intensity  and  those  of  the 
cross-section  fluctuations. 
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3.  CORRELATED  MWM*D!STR18UTED  CROSS-SECTION  NOOCl 

MrU*  tM  physics  of  the  imaging  proem  Is  Mil  understood  the  approach  to  representing  tM  underlying 
cross-taction  Mi  perforce  to  fit  largely  phenomenological.  Frevlous  work  [1,1,6-11]  Ms  shown  that  the 
datactad  Intensity  In  t  vary  large  nuaber  of  scattering  situations  can  ba  raprosantad  by  a  K  distribution 
of  tha  for* 


v-1 


where  r(v)  Is  tba  gamma  function  of  order  v  and  C.i  Is  tM  X  distribution  (modified  Bassal  function)  of 
order  v-1.  It  Is  not  possible  to  justify  uniquely  tha  use  of  this  distributions  all  tMt  can  strictly  ba 
Mid  Is  tMt  it  Is  consistent  with  tha  data.  Such  a  distribution  would  M  obtained  If  coherent  radiation 
wart  scattered  frost  randoa  stutterers  which  underwent  spatial  nuaber  fluctuations  Mvlag  a  negative  binomial 
distribution  or  a  cross-section  described  by  a  gemma  distribution.  On  the  scale  of  tM  resolution  cell  It 
Is  not  possible  to  distinguish  Mtwaen  tM  nuaber  fluctuation  and  cross-section  representations.  The 
negative-binomial  distribution  applies  to  a  discrete  variable  whereas  the  equivalent  gama-dlstrlbutlon 
relates  to  a  continuous  variable.  TMse  distributions  occur  very  widely  In  statistical  analysis.  In  canon 
with  tM  present  case  only  a  few  of  tMse  situations  may  be  uniquely  physically  Modelled  In  this  fashion. 

TM  nodal  would  M  physically  justified  If  tM  local  nuaber  of  seatterers,  or  cross-section,  could  be 
regarded  as  tM  result  of  a  random  process  of  birth,  death  and  Migration  [13].  While  this  type  of  nodal  Is 
not  Inplauslble  It  cannot  be  applied  rigorously  In  this  context;  as  a  result  tM  approach  Is  fundamentally 
phenomenological .  A  oi— -distribution  nodal  nay  be  regarded  as  a  generalised  noise  nodal  In  which  tM 
contrast  can  M  varied  through  the  order  parsMter  v.  As  c>n  M  seen  from  the  expression  for  the  gasme 
distribution 


p(o)  *  4r(^r)  rrv7*xp['^r]  (8) 

tMnsal  noise  Is  a  special  case  when  v  •  1. 

In  order  to  derive  tM  detailed  properties  of  gamM-dl  attributed  noise  with  varying  spectral  properties 
we  nay  use  the  fact  tMt  a  gama-dlstrlbutlon  nay  M  generated  by  a  randan  walk  process  In  v  dimensions  of 
a  complex  Gaussian  variable  [1,13].  Thus  we  nay  define  complex  Gaussian  variables  of  defined  spectral  form, 
1e  varieties  of  tMrmal  noise,  and  then  deduce  the  equivalent  gamma-distribution  results  based  on  the  known 
factorisation  properties  [1-3].  Various  spectral  forms  Mve  been  analysed  Including  [2,3]: 

(1)  noise  with  eltMr  Gaussian  or  lorentxlan  spectrum 

(11)  mixed  with  an  offset  local  oscillator  If  required 

(111)  nixed  with  a  similar  noise  term  If  required 

Both  Gaussian  [1,3]  and  rectangular  [2]  Imaging  functions  Mve  been  treated  analytically.  In  each  case 
expressions  for  tM  first  four  single-point  Intensity  moments  and  the  ACF  Mve  Men  derived.  In  order  to 
represent  an  arbitrary  clutter  texture  we  first  select  tM  most  appropriate  of  these  models  to  represent 
tM  ACF.  It  Is  not  possible  to  perform  tM  Inverse  process  of  deducing  tM  cross-section  ACF  from  tM 
Intensity  ACF  so  tM  method  tMt  Is  employed  1$  to  Iterate  tha  forward  problem  of  defining  tM  cross-section 
In  Eq,(4)  and  Mnce  predicting  tM  Intensity  ACF.  TM  properties  of  tM  cross-section  and  tM  associated 
parameter  values  are  tMn  varied  until  a  reasonable  fit  to  tM  observed  Intensity  ACF  Is  obtained.  TM 
theoretical  predictions  for  the  single-point  moments  can  tMn  M  compared  with  those  of  tM  data  as  a 
furtMr  test. 


4.  SIMULATION  OF  CORRELATED  RANOOM  TEXTURES 


In  tM  above  discussion  we  have  demonstrated  tMt  the  texture  In  random  clutter  Images  can  M  represen¬ 
ted  In  terms  of  correlated  gaanm-dlstrlbuted  noise.  Homogeneous  regions  nay  therefore  be  represented  as 
such  noise  processes  which  can  M  deserlMd  In  terms  of  only  a  few  parameter  values  once  tM  model  Is 
defined.  It  Is  desirable  to  M  able  to  syntMsIse  such  a  texture  having  tM  Identical  correlation  and 
statistical  properties.  Let  us  choose  to  define  tM  ACF  of  the  surface  In  tones  of  tM  nodel.  This  also 
fixes  all  otMr  correlation  properties  since  tM  entire  process  can  M  derived  from  underlying  6au$s1an 
processes.  Thus  tM  ACF  contains  all  tM  Information  necessary,  provided  tMt  tM  nodel  1$  correct.  TMre 
Is  no  suitable  practical  method  for  geMratlng  two-dimensional  gaama-dl attributed  surfaces  with  a  variety  of 
spectral  fonts.  However,  an  approximate  method  Ms  been  developed  [4]  which  Is  applicable  to  arbitrary 
spectra  and  Is  capable  of  representing  tM  ACF  precisely.  HlgMr-order  properties,  however,  are  not 
Identical  to  gamma  statistics  but  In  practice  differ  by  less  than  the  statistical  fluctuations  In  tM 
synthesised  lamge.  As  with  tM  giimm -distribution  model  all  tM  higher-order  properties  are  determined  by 
the  ACF  so  tMre  are  no  rmnalntng  degrees  of  freedom  In  tM  process. 


TM  essence  of  tM  simulation  method  Is  to  pass  white  noise  of  appropriate  statistics  through  a  linear 
filter  such  tMt  tM  ACF  of  the  resulting  correlated  noise  is  Identical  to  tMt  for  tM  surface.  This 
determines  tM  relationship  Mtween  tM  white  noise  statistics,  tM  weighting  function  ind  the  surface  ACF. 
As  shown  by  Oliver  and  Tough  [4]  the  normalised  surface  ACF  at  lag  value  r  and  tM  weighting  function  ACF 
are  related  by 


<o 


(9) 


where  Mi  It  the  Jth  coefficient  of  the  resulting  weighting  function,  N  It  the  mater  of  filter  weights  tnd 
x  Is  the  uncorreleted  rondos  noli*  yorliblo.  The  fora  of  the  turftco  ACF  It  tha  luo  «t  thtt  for  the 
weighting  function  while  tht  stetlatlct  of  tht  Input  white  nolto  trt  do  torsi  nod  by  the  surface  tutlttlct 
one  tht  proptrt lot  Of  tht  weighting  function.  The  font  of  tho  weighting  function  any  bo  derived  fren  the 
ACF  of  the  tarfico,  ohtolnid  fren  tho  node) ,  provided  thtt  the  turftco  oty  be  regarded  tt  t  stationary 
ergodlc  variable.  The  potltlvo  square  root  of  the  pouor  ipectruo  of  the  turftce  (forutrd  Fourier  Transform 
of  the  ACF)  It  reel,  potltlvo  end  sywmatrle  end  corresponds  to  tn  uplltude  tpectrun.  Though  this  rotult 
It  only  one  pottlble  font  of  thlt  tpectrun  ue  tre  justified  In  utlng  It  tlnco  It  hit  the  defined  ACF.  On 
tiking  tho  Inverse  Fourier  Trentfom  of  the  topTItude  tpectrun  the  oe tired  weighting  function  It  obtelned. 

The  tteget  of  the  tlnuletlon  tre  1  Hut  trt  ted  In  Figure  1  for  t  particular  texture.  Thlt  It  derived 
free  t  tectlon  of  SAX  Intge  obtelned  with  the  RSRE  X-btnd  tytten  tnd  corretpondt  to  a  segment  of  t  plantation 
of  yowrg  trees  to  thtt  the  llnet  of  trees  tre  vltlblt  tt  shown  in  the  top  left  of  tho  intge.  The  ACF  of  the 
Inigo  Intensity  It  then  calculated  (top  centre)  tnd  the  weighting  function  deduced  at  described  above  (top 
right).  The  white  noise  It  required  to  have  variable  contrast  es  shown  In  Eg. (9).  Me  choose  tn  uncorreleted 
geona-dlstrlbutlon  for  the  Input  with  Its  contribution  order  pareattor  defined  appropriately.  The  output 
correlated  distribution  after  filtering  will  not.  In  general,  be  geaai*d1ttr1buted,  u  noted  above.  However, 
the  discrepancy  Is  usually  ouch  lets  than  any  statistical  fluctuations  [3].  Having  determined  tht  order 
pa  rent  ter  uncorreleted  paiiaM -distributed  nolee  It  thin  generated  (bottom  left)  which  It  then  convolved  with 
the  weighting  function  to  generate  a  simulated  cross-stctlen  variable  (bottom  centre).  The  final  stage  la 
to  simulate  the  scattering  and  Imaging  of  coherent  radiation  from  this  correlated  surface.  On  scattering, 
the  field  contribution  In  each  aliment  ef  the  receiver  Is  formed  by  the  Interference  between  the  many  random 
scatterers  within  each  resolution  cell.  Thus  the  received  field  trill  have  e  complex  Gaussian  speckle 
simulated  by  taking  Gaussian  random  nimbers  for  reel  and  Imaginary  parts  of  tho  field  with  variance 
proportional  to  the  local  cross-section,  '.his  field  Is  then  Imaged  which  corresponds  to  convolving  with 
the  Imaging  function.  The  final  received  field  Is  then  envelope  detected  to  give  the  Intensity  (bottom 
right).  Close  resemblance  between  this  simulated  texture  and  the  original  image  Is  apparent. 

S.  COMPARISON  OF  MODEL  WITH  DATA 

Having  established  the  correlated  gamea-dlstrlbuted  clutter  model  end  the  linear  filter  texture  simula¬ 
tion  mathod  lot  u*.  next  compare  the  i-esults  for  various  examples  of  Imago  texture,  simulation  end  the 
theoretical  mods'.  These  comparisons  are  given  In  more  quantitative  detail  elsewhere  [3].  In  the  present 
paper  we  shell  tssuat  that  the  ACF  Is  well  represented  by  a  choice  of  mo^l  end  parameters  and  make  the 
comparison  In  terms  of  tho  single-point  statistics  and  a  montage  of  reel  and  simulated  Image  textures  for 
visual  comparison. 

Initially  wo  shall  consider  a  region  of  texture  corresponding  to  a  field  in  a  SAR  Image  Illustrated  In 
Figure  2.  He  would  expect  thet  there  should  ae  no  cross-section  fluctuation  so  shat  the  results  are  deter¬ 
mined  entirely  by  the  imiglng  process  and  consist  of  speckle  whose  correlation  properties  ere  determined  by 
the  Imaging  function  widths,  the  original  Imago  texture  Is  the  top  right  of  Figure  2;  the  remaining  Images 
are  obtained  by  simulation.  Obviously  the  detailed  position  of  bright  speckles  varies  randomly  from  Image 
to  Image,  as  It  would  between  different  SAR  Images  of  the  same  area  since  It  would  be  Impossible  to  repro¬ 
duce  the  flight  trajectory  precisely.  It  Is  the  two-point  statistics  which  describe  the  texture  which 
should  be  Identical  within  statistical  fluctuations.  Visually  It  appears  thet  a  pure  speckle  simulation 
does  Indeed  represent  the  region.  A  more  detailed  test  can  be  performed  In  terms  of  the  single-point 
Intensity  moments.  A  comparison  of  tho  normalised  moments  of  the  data,  the  theoretical  predictions  end  e 
set  of  10  simulations  are  given  In  Table  1.  The  predicted  standard  deviations  are  derived  as  described  In 
[3]  end  show  close  agreement  with  the  standard  deviations  obtained  from  the  set  of  simulations.  The  original 
Image  statistics  and  the  simulated  ones  are  both  compatible  with  theory. 

Having  damonstrated  the  agreement  where  no  underlying  fluctuations  are  obtained  we  next  consider  an 
image  of  well -developed  woodland  in  which  largo  well -separated  trees  ere  randomly  distributed.  The  results 
of  simulation  are  compared  with  the  original  image  texture  in  Figure  3;  as  before  the  original  Image  Is  on 
the  top  right.  As  one  would  expect  not  only  the  speckle  but  the  underlying  bright  features,  "trees",  occur 
at  different  positions  In  the  Images  since  these  are  generate.,  randomly.  It  Is  the  texture,  defined  by  the 
ACF,  that  should  ba  duplicated  once  again.  It  is  clear  that  most  of  tho  details  of  the  texture  are  faith¬ 
fully  reproduced.  Careful  study  suggests  thet  the  genuine  texture  hes  larger  regions  of  dark  than  the 
simulated  textures.  However,  the  results  for  the  simulated  and  original  ACFs  are  quit*  consistent.  It  may 
ba  that  two-point  statistics  art  not  adequate  to  represent  the  texture  completely;  In  which  case  the 
fundamental  model  also  fells  since  there  are  no  remaining  degrees  of  freedom.  In  any  case  the  textures 
appear  reasonably  close  to  the  human  Interpreter.  On  comparing  the  single-point  moments  In  Table  2  the 
agreement  Is  within  experimental  errors.  It  Is  noticeable  though  thet  the  predicted  errors  aro  consistently 
less  than  those  obtained  from  simulation.  This  effect  was  noted  previously  [3]  and  probably  results  from 
the  over-simplistic  assumption  that  pixels  are  elthor  completely  correlated  or  uncorrelated  In  the 
theoretical  derivation. 

Figure  A  Illustrates  the  comparison  of  the  original  Imago  with  a  sot  of  slmuletlons  of  the  young 
plantation  texture  used  to  demonstrate  the  simulation  technique  In  the  previous  soctlon  (Figure  f). 

Agreement  Is  visually  excellent;  the  origin*!  texture  Is  again  on  the  top  right.  On  comparing  tha  moments 
In  Table  2  w*  note  that  tha  results  are  again  consistent.  However  the  errors  In  tho  higher  moments  are 
sufficiently  large  thet  It  Is  Impossible  to  detoct  any  discrepancy  betwaen  simulation  and  the  model  even 
though  this  Is  expoctod  [4]. 

So  far  we  have  considered  the  representation  of  natural  clutter  observed  with  a  SAR  system.  In  the 
next  example  we  taka  a  region  of  urban  clutter.  It  seems  probable  that  the  fundamental  assumption  that 
large  regions  of  homogeneous  noise-like  texture  exists  In  the  Image  Is  unlikely  to  b#  woll  founded  for  such 
unmade  clutter.  In  the  first  example  of  town  texture,  shown  in  Figure  5,  the  original  Imaga  (top  right) 
consists  of  roads  lying  at  about  20  degrees  to  the  verticil.  In  the  simulations  this  fundamtntal  orientation 
Is  retained  but  the  continuous  nature  of  streets  hat  been  partially  lost.  It  appears  that  more  than  two- 
point  statistics  might  be  required  to  represent  both  the  concept  of  "building",  a  local  effect,  and  that  of 
"street"  which  covers  much  larger  scales.  The  comparison  of  single-point  moments  Is  again  within  statistics 
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though  M  errors  art  sufficiently  lsrgn  with  immi  with  inch  strongly- fluctuating  contrast  that 
discrepancies  would  net  ha  apparent. 

In  tha  final  SAA  taxture  txauple  a  acana  ia  chotan  for  which  tha  nodal  it  not  expected  to  apply.  A 
tingle  row  of  cattayat  lining  a  road  ia  choaan  tat  in  a  background  of  flalda  (Figure  i,  top  right).  Thia 
obviously  violatat  no  nacattary  condition  that  tha  texture  should  ba  homogonooua  tinea  different  parts  of 
tha  haaga  exhibit  dearly  differing  textures.  On  tearing  to  choree  tar  Isa  the  entire  aagaant  with  the  AC F 
we  era  therefore  averaging  peer  theta  different  textures  and  would  expect  to  produce  tons  averaged  resultant. 
Thia  it  obvious  in  tha  slaulatad  textures  In  Figure  I.  The  underlying  orientation  it  retained  but  tha  texture 
is  spread  over  the  entire  siaulttlon.  Coaeartaon  of  tha  single-point  noaenta  in  Table  I  shows  agreement 
within  tha  statistics.  This  indicates  that  these  single- point  noaenta  are  a  poor  aaasure  of  texture  cohered 
with  the  two  point  statistics  which  exhibit  an  obvious  discrepancy.  Furthermore  higher-order  correlation 
properties  would  also  be  required  to  represent  the  texture  which  isglles  that  tha  undtrlying  nodal  la 
Incorrect. 

For  a  final  comparison  let  us  consider  an  anaamle  free  another  form  of  coherent  Imaging,  namely  saner. 

In  this  case  the  image,  shown  in  Figure  7  la  token  from  sonar  images  of  the  sea  bed.  This  example  illustrates 
sand  rlpplpt,  such  as  tboaa  left  an  a  beach  when  tha  tida  goes  out.  The  original  taxture  (top  right)  thorn 
claor  evident!  of  those  ridges.  The  inflations  appear  very  similar  visually.  Detailed  comparison  reveals 
that  the  •ridges*  in  the  simulations,  which  ore  o  result  of  the  observer  joining  regions  of  high  Intensity, 
tend  to  bo  weaker  than  thn  corresponding  regions  of  the  original  texture.  A  model  which  it  based  essentially 
on  a  point  spread  function,  retbor  than  any  knowledge  of  higher  level  structures  such  as  ridges,  would  bo 
expacted  to  foil  with  tbit  typo  of  imago.  Novortboioaa.  the  resemblance,  oven  in  this  case  it  close.  Other 
sonar  oxanples  exhibit  bettor  agreement  on  the  whole.  As  noted  in  previous  examples  the  single-point 
statistics  camparad  in  Table  I,  exhibit  good  agreement  revealing  again  their  Ineeneltivlty  to  the  detail 
of  the  texture. 

6.  DISCUSSION  AND  CONCLUSIONS 

The  Imortance  of  the  correlated  clutter  model  described  hare  lies  in  the  fact  that  it  includes  the 
effects  of  imaging  function,  surface  statistics  and  correlation  propertlns  in  a  consistent  manner.  Various 
types  of  distribution  have  bean  used  in  the  past  to  describe  the  statistics  of  the  clutter  in  terms  of  tr.e 
probability  distribution.  Those  nay  give  totally  misleading  predictions  of,  for  axamplo,  radar  detaction 
performance  unless  the  correlations  between  image  pixels  art  correctly  treated  [10,11).  In  the  nejority  of 
cases  uncorrelated  samples  are  assumed  which  may  be  totally  erroneous.  The  present  model  coed) lies  ell  the 
Important  aspects  in  a  consistent  manner  enabling  one  to  predict,  for  example,  the  expected  statistics  for 
a  given  seen*  as  a  function  of  resolution  which  is  quite  beyond  the  scope  of  othar  methods. 

From  a  visual  comparison  of  the  simulation  results  it  la  clear  that  the  method  la  extremely  successful 
at  representing  e  wide  range  of  clutter  textures.  Indeed  the  exceptions  that  are  shown  have  been  selected 
from  a  much  larger  number  of  good  representations.  Both  manmade  and  natural  clutter  textures  can  be 
represented  though  the  latter  ere  more  consistently  correct.  One  of  the  problems  In  the  method  is  tat 
difficulty  of  selecting  e  form  for  tho  model  which  duplicates  the  original  image  ACF  most  closely.  The  task 
is  obviously  most  onerous  where  complicated  spectra  are  encountered,  as  was  tha  case  for  the  sonar  example 
given.  A  method  which  circumvents  this  problem  has  been  proposed  [14)  in  which  the  observed  ACF  is  treated 
es  e  perturbed  version  of  same  siuple  model  [3],  This  approach  has  proved  capable  of  deducing  the  surface 
ACF  such  that  the  predicted  Intensity  ACF  is  almost  Indistinguishable  from  that  for  the  original  data. 

Using  this  approach  the  process  of  stmuUttng  such  textures  1$  essentially  determined  by  tha  convolution 

? masses,  performed  by  OFT  methods,  uhich  underly  so  much  of  the  analysis.  In  principle  these  could  be 
aplamented  extremely  fast  if  suitable  parallel  hardware  were  available. 

In  this  paper  we  have  presented  an  analysis  of  clutter  textures  and  their  simulation  based  on  a  specific 
model.  The  original  thaory  assumes  that  the  underlying  cross -section  can  be  described  in  terms  of  the 
negative  binomial  or  311  distribution.  The  sinulation  generates  the  cross-section  by  t  linear  filtering 
operation  applied  to  uncorrelated  gema -distributed  noise.  In  both  cases  all  the  higher-order  single  and 
multi-point  statistics  are  defined  once  the  two-point  statistics  ere  specified.  This  approach  therefore 
contains  a  richness  of  detail  much  greater  than  is  contained  merely  in  the  ACF.  This  implies  that  if  the 
taxture  were  Indeed  the  result  of  scattering  from  a  gami-distributed  surfaca  it  would  ba  impossible  to 
improve  on  a  measurement  of  tiie  ACF  as  a  means  of  classifying  or  simulating  such  a  taxture.  Any  other 
clesslflcatton  or  stmuletion  method  could  only  echinve  the  same  performance  when  ell  statistical  properties 
were  defined,  not  just  the  two-point  statistics.  Thus  this  approach  is  very  successful  at  handling  those 
textures  which  could  bn  represented  in  terms  of  such  a  model.  However,  the  obvious  corollary  is  that  where 
the  original  texture  does  not  fit  thn  nodal  the  approach  enforces  Incorrect  higher-order  correlation 
properties.  This  appears  to  be  the  case  with  some  of  the  more  intransigent  clutter  textures  considered 
hern.  Another  problem  ts  the  question  of  how  one  establishes  whether  the  model  holds  in  any  particular 
cast.  Comparison  of  the  three-point  statistics  with  the  model  might  offer  a  possible  method.  For  completely 
arbitrary  textures,  however,  a  different  approach  in  which  one  measures  sets  of  statistical  proparties  of 
increasing  complexity  until  one  can  no  longer  distinguish  the  simulated  end  original  textures  is  required 
[IS].  This  approach  essentially  usns  no  information  other  than  that  specifically  Introduced  in  the  defined 
statistical  measures. 
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HOOCL  SIMULATION 


MOMENT 

DATA 

MEAN 

SO 

MEAN 

SO 

Second 

1.970 

2.000 

.014 

2.003 

.018 

Third 

S.M 

0.00 

.14 

(.01 

.14 

Fourth 

21.3 

24.0 

1.3 

23.S 

1.0 

Fifth 

97 

120 

- 

11( 

9 

Sixth 

$20 

720 

- 

MO 

80 

Table 

1.  Comparison  of  the  moments  for 

the  fields  texture 

MODEL 

SIMULATION 

MOMENT 

DATA 

MEAN 

SO 

MEAN 

SO 

Second 

2.77 

2.77 

.03 

2.74 

.08 

Third 

14.3 

14.8 

.5 

17.1 

2.6 

Fourth 

111 

130 

8 

219 

90 

Fifth 

1.11(3) 

- 

- 

4.7(3) 

3.4(3) 

Sixth 

1.34(4) 

- 

- 

13.9(4) 

13.5(4} 

Table  2.  Comparison  of  moments  for  tho  first  woods  texture 


MODEL  SIMULATION 


MOMENT 

DATA 

MEAN 

SO 

MEAN 

SO 

Second 

2.64 

2.84 

.04 

2.SS 

.11 

Third 

13.1 

13.1 

.7 

14 

3 

Fourth 

100 

108 

10 

160 

90 

Fifth 

1.01(3) 

- 

- 

3.2(3) 

2.9(3) 

Sixth 

1.19(4) 

. 

- 

8.3(4) 

9.8(4) 

Table  3.  Comparison  of  moments  for  the  second  woods  texture 


MODEL  SIMULATION 


MOMENT 

DATA 

MEAN 

SO 

MEAN 

SO 

Second 

7,4 

7.4 

.5 

6.9 

1.5 

Third 

160 

160 

20 

200 

140 

Fourth 

.47(4) 

.71(4) 

.12(4) 

1,15(4) 

1.49(4) 

Fifth 

.16(5) 

- 

- 

9.0  (5) 

16.6  (5) 

Sixth 

.60(7) 

- 

- 

8.5  (7) 

18.8  (7) 

Table  4.  Comparison  of  moments  for  the  first  town  texture 


MODEL 


SIMULATION 


MOMENT 

DATA 

MEAN 

SO 

MEAN 

SO 

Second 

8.S 

8.S 

.8 

9.0 

3.0 

Third 

270 

230 

50 

480 

520 

Fourth 

1.3(4) 

1.5(4) 

.3(4) 

6.(4) 

11.(4) 

Fifth 

6.9(5) 

- 

- 

10.(5) 

25.(5) 

Sixth 

3.9(7) 

• 

. 

210.(7) 

580.(7) 

Tib  It  5.  Coaptrlson  of  aoaents  for  the  second  town  toxturo 


MODEL  SIMULATION 


MOMENT 

DATA 

MEAN 

SO 

MEAN 

SD 

Second 

2.99 

2.99 

.09 

2.92 

,09 

Third 

19.6 

20.0 

2.7 

17.0 

2.1 

Fourth 

227 

279 

81 

171 

57 

Fifth 

4.0(3) 

• 

- 

2.6(3) 

1.6(3) 

Sixth 

9.3(4) 

. 

- 

5.3(4) 

4.7(4) 

Ttble  6.  Coaptrlson  of  the  aoaents  for  tht  texture  of  the 
sontr  Imtge  of  stnd  ripples 


Figure  1.  Stages  In  the  slseilatlon  of  correlated  random  textures 
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Figure  2.  Comparison  of  a  SAR  Image  of  a  field  texture  (top  right)  with  several  simulations 
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Figure  3,  Comparison  of  a  SAR  Image  of  the  first  Mood  texture  (top  right)  with  several  simulations 


Figure  4.  Comparison  of  a  SAR  Image  of  the  second  Mod  texture  (top  right)  with  several  simulations 


Figure  7.  Companion  of  a  sonar  Image  of  a  sand  ripples  texture  (top  right)  with  several  simulations 
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SUMMARY  OF  SESSION  III 
MULTIPLE  SCATTERING  EFFECTS 

by 

I.M.Besieris,  Session  Chairman 
(The  following  material  hoi  supplied  by  the  Editor) 


This  session  is  concerned  with  the  multiple  scattering  effects.  Such  effects  can  be  manifested  in  many  different  ways.  For 
example,  it  can  result  in  enhanced  backscattering  is  described  by  Yang  and  Yeh  in  the  first  paper  of  this  session.  It  can  also 
result  in  depolarization  when  scattering  from  rough  spheres.  In  this  regard,  Bahar  and  Fitzwater  (second  paper  in  this  session) 
approach  the  problems  by  using  the  equation  of  transfer.  Under  various  conditions,  the  behaviour  of  waves  after  being 
perturbed  by  the  random  medium  can  be  modelled  by  a  phase-changing  screen.  Jakeman's  paper  (third  paper  in  this  session)  is 
concerned  with  the  statistical  properties  of  amplitude  scintillation  when  either  the  phase  of  the  screen  is  a  Gaussian  random 
fractal  or  the  phase  gradient  is  fractal.  In  a  fourth  paper  of  the  session,  Jefferson  and  Anderson  are  concerned  with  the 
mathematical  models  of  the  multi-scale  phenomena  and  the  use  of  such  models  in  the  study  of  wave  propagation  and  scattering. 
In  the  last  paper  of  the  session,  Franke  and  Liu  examine  the  statistics  of  the  wave  when  the  phase  screen  varies  randomly  both  in 
time  and  space. 
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THB  KMHAMCMHT  IFHCT  OF  THI  IACUCATTBMD  1NTBNSITT 
III  A  RAJTOCH  KKDIUH 

C,  C.  Yang 

CSSL,  Dapartaant  of  Klactrlcal  Knglnatrlng 
Th«  Pennsylvania  Scat*  University 
University  Park,  PA  16802 

It.  C.  Yah 

Dapartaant  of  Blactrlcal  and  Coaputar  Inglnaarlng 
University  of  Illinois 
Urban*,  II  61801 
USA 


ABSTBACT 

A  wav*  gradually  loaa*  lta  coharanca  while  propagating  In  a  randoa  aadlua.  Thla  la  bacauaa  the  wav* 
axparlanea*  daeorralatlon  along  a  propagation  path  that  haa  uneorralatad  lrragularltlaa.  If,  howavar, 
Uffarant  part*  of  th*  propagation  path  hav*  corralatad  lrragularltlaa,  th*  daeorralatlon  of  th*  wav*  will 
rot  procaad  aa  rapidly  aa  othorwla*.  Thla  affaet  la  aoat  prominently  aanlfaatad  In  th*  oaa*  of  backaeat- 
t.erlng  whara  th*  raturnad  wav'  propagates  through  tha  ana  lrragularltlaa  aa  th*  outgoing  wav*.  Th* 
avarag*  backacattarad  lntanaity  can  b*  ahown  to  b*  hlghar  than  that  axpaetad  froa  a  wav*  propagating  ovar 
a  path  equal  to  Ch*  round  trip  dlatanc*  but  through  uneorralatad  lrragularltlaa.  Thla  phenomenon  la  known 
aa  tha  enhancement  affaet.  Thla  anhaneaaant  affaet  la  elaarly  ravaalad  whan  th*  racalvar  la  aovad  avar 
cloair  to  th*  tranaalttar.  Aa  tha  aaparatlon  batwaan  tha  raealvar  and  th*  trannlttar  1*  raducad,  th* 
average  acattarad  lntanaity  will  lncraaa*  and  ranch**  a  paak  whan  th*  raealvar  la  eo-loeatad  with  th* 
tranaalttar.  If  th*  wav*  atatlatlea  ar*  In  th*  aaturatlon  raglaa,  thla  maxima  lncraaa*  amounts  to  a 
doubling  of  th*  avarag*  lntanaity. 

In  thla  papar,  th*  anhaneaaant  affaet  uedar  varloua  condition*  1*  axaalnad.  Thar*  can  b*  back* cat- 
taring  from  randoa  lrragularltlaa  thaaaalvaa  or  froa  a  dataralnlatle  acattarad.  Th*  dlffarane*  batwaan 
waak  and  atrong  acattarlag  la  uiatlngulahad.  Tha  affaet*  produced  by  varloua  power  apactral  function* 
froa  tha  icndaa  aadlua  ar*  alao  conaldarad. 


I.  IHTkODOCTION 

Racantly,  tha  phanoavnon  of  anhanead  baekaeat taring  In  a  randoa  aadlua  ha*  received  aoa*  attention. 

It  waa  flrat  pointed  out  in  II],  th*  coharanca  batwaan  th*  forward  and  backward  propagating  wav*  nay  lead 
Co  enhanced  backaeattarlng.  Later  work  ahowad  that  either  In  contlauoue  (2-8)  or  dlacrat*  11-11]  randoa 
aadla,  th*  variation  of  th*  average  backacattarad  lntanaity  foraa  a  narrow  paak  around  th*  backward  direc¬ 
tion.  In  other  word*,  for  a  fixed  rang*  froa  th*  aeattarlng  target,  th*  acattarad  lntanaity  la  lncraaaad 
a*  th*  raealvar  la  aovad  cloaar  to  tha  tranaalttar  and  raashaa  a  aaxlaua  value  whan  th*  raealvar  1* 
exactly  co-locat*d  with  tha  tranaalttar.  Thla  affect,  known  a*  th*  anhaneaaant  affect,  la  uaually  attri¬ 
buted  to  th*  gain  of  coharanca  recovered  froa  randoa  decorrelation  whan  th*  backward  acattarad  ray  paaaaa 
through  th*  aaaa  randoa  atructur*  a a  th*  Incident  ray.  Bacauaa  tha  daeorralatlon  effect  1*  laportant  whan 
there  1*  atrong  aeattarlng,  thla  anhanca-ant  affect  la  expected  only  whan  that*  la  algnlflrant  aultlpla 
aeattarlng. 

In  thla  papar,  th*  ailiancauant  affect  In  a  turbulent  aadlua  under  varloua  condition*  of  aeattarlng 
atreogth  la  axaalnad.  The  geometry  of  th*  problca  la  depleted  In  Pig.  1.  A  point  aourca  la  placed  at  Tj 
and  a  wav*  la  propagated  In  a  atatlatlcally  hoaogaoaou*  and  laotroplc  randoa  aadlua  which  occupla*  th* 
half  *p*c*  above  tha  plan*  denoted  by  the  horlaontal  line,  ta  ar*  concarnad  with  th^  raturnad  wav*  acat- 
tared  froa  a  aeattarlng  jolum*  Vt.  Thla  raturnad  wav*  la  detected  by  a  raealvar  at  rg.  In  Pig.  1,  two 
acatterlog  point*  r  anj  r  are  ahown  and  both  ar*  lnald*  V*.  Th*  Incident  and  acattarad  ray*  associated 
with  the  acattarar  at  r  ar*  repraaantad  by  two  chain  llnaa  and  thoa*  aaaoclatad  with  th*  *ca^t*r*£  at  r‘ 
ar*  rapraaaatad  by  two  daahad  llnaa.  Va  will  conaldar  only  thoa*  caaaa  where  th*  dlatanc*  |rg  -  ry I  1* 
vary  aaall  eo  that  th*  four  ray*  Juat  aantlonad  ar*  nearly  parallel  to  allow  th*  uaa  of  th*  paraxial  or 
forward  aeattarlng  approximation.  +In  thla  context,  It  la  convenient  to  ua*  i-axla  a*  th*  propagation 
axla.  In  Pig.  l,+th*  vector  r*  «  r*  -  r  1*  alao  ahown  and  It,  why:  expressed  In  ttj*  Ca^taalyi  coor- 
dlnataa,  la  juat  r'  -  C p ' ,  a*).  .  Finally,  two  horlaontal  vectors  pj  ■  rj  -  r0  and  pg  ■  rg  •  r0  ar*  Indi¬ 
cated  in  Pig.  1. 

To  damonatrat*  tha  anhaneaaant  affaet,  th*  aeattarlng  croaa  aactton  OS  aa  a  function  of  th*  dlatanc* 
batwaan  th*  transmitter  and  raealvar,  1.*.,  rg  -  ry,  will  ba  evaluated.  Two  rang**  of  aeattarlng  strength 
ar*  to  b*  conaldarad:  1)  waak  aeattarlng  In  which  th*  supmralkonal  approximation  [15]  1*  valid;  2) 
atrong  aeattarlng  In  which  th*  aaturatlon  [16]  haa  bean  reached.  In  alt'.iar  range,  th*  forward  aeattarlng 
approximation  la  assumed  to  b*  applicable.  Th*  convenience  of  forward  aeattarlng  1*  that  tha  concept  of 
propagator  [17]  1*  valid.  'Por  more  concrete  dlaeutaloni,  two  kind*  of  power-spec true  function  for  random 
lrragularltlaa  will  ba  uaad,  1.*.,  a  Oauaalan  spectrum  and  a  teas* 1-f unction  spectrum.  A  Baaaal-iunctlon 
apactrum  can  ba  reduced  to  a  power-lav  format  in  th*  Initial  aubrang*  [18],  1.*,,  between  tb*  apatial  fre¬ 
quencies  cor responding  to  th*  Inner  and  outer  acelea,  Tharafora,  It  la  more  raallatlc  lu  modeling  a  tur¬ 
bulent  atmoaphar*  (19].  Howavar,  a  Oauaalan  apactrum,  dua  to  It*  am t hams ti cal  simplicity,  can  lead  to 
much  physical  Insight. 

Th*  rest  of  this  piper  1*  organised  as  follow*:  A  general  derivation  for  tho  aeattarlng  croaa  sec¬ 
tion  la  praaantad  la  3*ctlon  II.  Bara,  a  maltlpla-e cat taring  factor  la  Introduced.  Th*  explicit  fora*  of 
thla  factor  for  th*  weak  and  atrong  scattering  art  derived  la  Section*  III  and  IV,  respectively.  Tha 
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nuaerlea)  (••alt*  pad  discussions  ere  presented  In  Section*  V  and  *1  for  iha  cum  of  and  pover- 

l*w  •••ct.ua  functions,  respectively.  Finally,  con clue loos  tts  drawn  la  Rsctlon  YII, 


u.  bacsuca- tbri*  cbobt  kctio« 

1.1  ■  .writ*  ths  ktehtgctitrlit  cross  section,  at  start  with  aa  expression  (at  ths  rsndM  wars  (It Id  t, 
ecnttrrad  .rose  ths  voluoe  v,  and  rtttlNl  at  rpi  (4,20) 

*,  *  4  ///  d5r  e'ljkr  «?I,  h  tj'ft  tit,  t%)  (1) 

Hoc*  ths  depolerlsstlon  offset  Is  of  as  cos  con ,  oal;  eoelar  oawss  an  considered  la  t* .  (1).  Here,  k 
dsaotss  ths  aawsauabsr  In  ths  background  osdtua  sod  tj  dsootos  ths  nlstlva  fluctuation  of  ths  dlslsetrtc 
permittivity.  Ths  rsndoa  prop station  K  represents  wars  propagation  alcnt  a  designated  propagation  sals 
trot  ths  first  erguaent  to  ths  s snood  on*  under  ths  fotastd  leattsrlni  spproslastlon.  Ths  expreaeloa  far 
I(  la  Rq.  (1)  can  ks  oh t stood  uodsr  ths  cuaulatlve  forward-scatter  slatls-hsckscattsr  spproslasttnn  (11) 
ahloh  has  bssa  discussed  la  ths  lltsratars  t4,20] . 

Lst  1  dsasta  a  characteristic  seals  of  rsndoa  Irrogulerltie*.  Uodsr  ths  condition  kl<si*>tl«l,  on 
spprox lasts  expression  for  ths  averaged  sesttsrod  latsnst  ty  I,  •  <R(Rt*>  ess  hs  ohtslosd.  In  ths 
sxprssslon  for  ths  seattsrsd  flsld  (1),  thsrs  la  s  product  of  thros  rsndoa  funct loose  too  propagators  sod 
ons  rslstlrs  dlslsctrle  pnrmlttlvlty.  Ths  avoraged  scsttsrsd  lntsnslty  Is  thus  an  passable  swsrst*  of  sis 
roodoa  functional  four  propagators  sad  two  rslatlss  dlslsctrle  permlttlwltlss.  Bp  applying  ths  Kovlkov- 
Furutsu  thsarsa  tit),  this  alssd  soasot  of  ths  sixth  order  eau  hs  faetorsd  Into  s  product  of  too  purs 
aoaantst  ths  second  aoaont  of  si  (or  ths  correlation  function)  end  the  fourth  aoaant  of  R  (4,20).  Ths 
rssult  Is 


I.  *  T?  ///  -  t\) 

<K(fT>  f)  R(r,  ft)  K*(?t.  r->  R*(?-,  r^» 


Boro,  the  scalar  r"  Is  the  distance  bstsssa  r"  sad  (or  rp)  aloof  ths  props(atlon  axis.  Also,  ths 
correlation  function  l(  of  S|  Is  introduced  to  dsscrlbs  ths  turbulent  structure  of  ths  asdlua. 

In  ths  next  stop,  ww  define  s  aul tipis  scattering  factor  M  such  that  tns  fourth  noasnt  of  I  In  I*. 
(2)  can  hs  written  as 

<k(r_,  f)  K(r,  r  )  K*(?_,  r")  K*(r",  r_)> 

‘  «  r  R  (j) 

-  K oltr  ?)  R Jt,  rk)  RQ*(rT.  ?')  R#*(r“ ,  r,)  Hit,  ^) 

whsrs  ths  ustsralalatlc  *o  represents  ths  propagator  for  ths  background  asdlua  and  Is  glwsn,  tor  nanplo, 

hp 


R0(?t.  ?’)  -  (jk/2*r-)  *xp(-jk|p'  -  SjlVlr") 


Other  «,'i  sppssrlng  la  (3)  can  hs  slallarlp  wrlttsa  down.  It  Is  apparent  that  whan  H  Is  set  to  unltp  la 
(3)  sud  substituted  to  (2),  us  got  ths  latsnsltp  under  ths  single  scatter  spprox last Ion.  Multiple  scat¬ 
tering  offsets  can  hs  Included  hp  lotting  M  be  sxprssslon  to  ha  dorlwsd  In  ths  next  two  sections.  In 
this  regard,  M  Is  fouol  to  bo  functions  of  only  r  and  p'  which  will  bn  sssuasd  In  the  following  dwvalop- 
osnt.  Under  ths  condition  kl3/r*  «  1,  Iq .  (2),  with  (3)  Inserted,  bscoaas 

I  -  -**  V  *•  ///  **T  4  /7/  <S»'  h*1**'  •_<  I?’  D  tit,  p1)  M it,  p')  (J) 

234w  T  r  -«• 

Ths  Fraanal  factor  F,  that  appeared  la  tq,  (3),  Is  glwsn  bp 

F(r,  p')  •  sxp  |-lk[(pj  +  pjj)  •  }'  -  p'1  ]/r|  (4) 

This  Frssnsl  factor  F  will  produce  the  offset  of  Frssaal  diffraction  around  the  forward  scattering  direc¬ 
tion  (4,20)  sod  Is  not  of  concern  la  this  paper. 

In  obtaining  Rq.  (3),  sswsrsl  approximations  haws  bssa  sods.  They  are :  (a)  Ths  condition  kt5/rJ«l 

Js  sssuasd.  This  has  already  been  noted  previously,  (b)  After  ths  Integration  variable  r"  is  replaced  bp 
r’,  ths  Integration  Halts  haws  bssa  extended  to  Infinity.  This  Is  justified  on  the  prsalss  that  ths 
llooar  dies ns loo  of  ths  scattering  voluas  V,  Is  auch  largsr  than  ths  characteristic  six*  t.  (r)  Ths 
notation  "la"  has  bssa  added  to  gusrsntss  ths  reality  of  ths  integral.  This  procedure  is  required  os  cause 
ths  Spprox luatlons  we  adopt  produce  a  alight  lasglasrp  pert,  (d)  Ths  approxloatlon  -  r"  -  r  has  besn 
used. 

Having  Rq.  (3),  wa  can  writs  on  sxprssslon  for  ths  scattering  cross  Section  <%(?),  defined  as  ths 
power  seattsrsd  per  unit  solid  angle  per  unit  Incident  power  density  and  per  unit  scattaring  voluas.  It 
Is  given  by 

0,(r)  -  —2 t-y  Ra  /7  dV  4,(0')  F(r,  p')  H(t,  p1)  (7) 

l6t  Hi 


X  (p’>  -  J*ds*  •«*■'  B  Clr'|) 
*  ® 


11-3 


It  th*  gM-UMMloMl  Fouler  apectral  coataet  o(  »,  at  Ik.  It  th*  Halt  of  alftgl*  acat'.arlng,  N  it 
reduced  to  ualty.  Th*  tint  lo  acatterlag  crome  faction  become*,  from  (1), 


•  <*>  *  — ~T"  »'  /7  «V  *.(*')  *ii.  a*) 


-  l»a*  -- 

It  la  coavanlaat  to  daftn*  a  ratio  of  erase  aaotloaa  by  tha  expraaalaa 


Thla  ratio  ravaal*  tha  laportane*  of  ailtlpla  acatterlag  for  which  tha  anhaaeaaaat  affaet  la  oaa  aaal- 
faatatloa. 

III.  MM  SCATTMiaO 

la  alia  cat  a  of  aaak  acat taring,  tha  auparalkonal  approximation  (151  mill  ha  utiliaad.  Karin*  tha 
f lrat-ordor  approximation  In  tha  coaplar  phait,  tha  auparalkonal  approximation  la  tuppoaad  to  ha  aqulva- 
lant  to  tha  tytav  approximation  tit)  at  far  aa  tha  degraa  of  accuracy  la  concerned  (17).  Tha  validity  of 
Bytov  approximation  hat  homo  Investigated  (22).  Tha  auparalkonal  approximation  la  valid  la  tha  tana 
rang*.  For  propagator*  It  1*  nor*  convenient  to  ua*  the  auparalkonal  approximation. 

The  auparalkonal  approximation  can  ha  axpraaaad  by  tha  following  two  aquation*  (17). 

K(rt,  ft  ■  K0<?t.  ft  axp  [*(?T>  ft]  (*>> 

Wh*'*  p<fT.  ft  -  Jk  ft  /*  d.j  /J  d\  Ko(?t,  ?,>  tjtfj)  K0(#,.  ft  (>»> 

O  ”• 

with  tha  equality  ri  *  (pj,  i|).  Hanot,  according  to  Iq.  (3),  tha  nultlpla-aeattorlng  factor  H(r,  ft) 

M(r,  ft)  -  axp  { j  <  [p(rT,  ft  +  ♦(?.  ?2)  ♦  4*(rT,  ft)  +  4  (ft,  ?t)]2>)  Us> 

In  obtaining  Eq.  (13),  tha  paralttlvlty  fluctuation  c<  haa  bean  aaaumad  to  ha  atatlatlcally  Gauaalan 
dlxtrlbutad 

Bafora  proceeding  to  coaputa  M,  wa  note  In  (15)  two  general  forma  of  thv  second  moment  of  p,  1.*., 
<♦<?„,  *g>  »  <ft|.  ?*»  and  <4(?a.  ?g)  4<?n.  ?{)>.  FI  rat ,  tha  pair  of  complex  conjugate  la 

<*v  V  ♦*<*„•  ?(>> 

• tvv  V  *0*<v  vr‘  $  dv*2  //T/  A  A  (U) 

K0(ra,  ?t)  *0*(?n.  rj)  Bf(pj  -  Pj,  -  *2)  *0(r, ,  *(>  E0*(r},  r^> 

with  ft  -  (ft,  Xj)  an'  ft  -  (ft,  «}) .  In  order  to  complete  the  Integration*  In  *q.  (1*),  wa  apply  tha 
approximation  of  atatlorary  path,  1.*.,  tha  argument*  of  th*  correlation  B(  In  Bq.  (14)  arc  replaced  by 
the  atatlonary  path*: 

V>1  *  Fj.  »i  *  «j>  «  V^Ol  '  ^02*  *1  '  *2>  (15> 

H«r«t  tht  trttimtt  coordinates  of  ths  stationary  paths  ara  |lvtn  by 
Pn,  ■  P„  ♦  (pa  -  P„)  «,/r 

o  lot  Mg) 

*02  *  *„  +  (*I  '  *„>  *2/r 

Notica  that  th*  approximation  of  atatlonary  path  ha*  been  widely  uaed^ln  th*  path  Integral  technique  (14). 
By  putting  Iq.  (15)  In  (14),  tha  Integration*  with  raxpect  to  ri  and  p,  can  be  performed  according  to  th* 
coapoaltlon  law  (17).  The  result  la 


<*v  V  ♦*<%•  V> 

I  k2  fj  d3j  d*2  Bf(?01  -  ?02.  «!-*,) 


Tha  expression  for  <+(rat  r^)  4(rn,  r^»  can  ba  similarly  dtrtvtd.  Ths  result  Is  tha  seat  as  Iq*  (17) 
except  for  a  minus  sign* 


<#V  V  *V  V* 

-  -  k  jJ  dxj  d*2  B^  (Pq j  ”  Pq2.  «j  “  *2) 


Haring  Kqa.  07)  and  (18),  «e  can  compute  the  facto?  H  given  by  Bq*  (13) •  Homever,  thla  computation 
requires  the  knowledge  of  the  correlation  function  Bt.  This  will  be  performed  in  Sections  V  and  VI  for 
two  *$*uned  correlation  functions*  To  conclude  thla  section,  let  u«  mention  that  by  noting  2qs*  (16), 
(17)  and  (18),  ths  oultlpla-scettsrlng  factor  M  does  not  have  any  dependence  on  s 4  as  mao  assumad  inns- 
dlstsly  below  Bq*  (4)  to  get  (5),  In  the  next  aectlon  me  turn  to  the  strong  scat  taring  case* 
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it.  mom  wmitM 

No  hmm  that  tha  (lwtMtlm  m  m  itnai  that  before  the  Incident  mi  arrtTti  at  the  scattering 
«alM  t(l  the  wave  ititlallia  aaa  ka  4at«lta<  aa  Tatar  saturated.  la  the  aatarattaa  raglae,  tka  taadea 
ptepagator  la  supposed  ta  peeaaaa  a  esaplax  Gaea* lea  distribution.  Therefore,  tka  feetth  aaaaat  at  tka 
prepagater  t  la  tq.  (1)  aaa  ka  apltt  lata  a  aaa  at  tka  produet  at  taa  ascend  aaaante  aa  tallawa  (U,  IT} 

«(*,,  b  «(#.  ?,)  K*(fJt  b)  *\f*,  ?„» 

a  <W?t,  f)  R*(rt,  *-)><*(*„,  #>  »*(?,.  ?*•» 

♦  <*(?,,  t)  t *(#,,  f*)Xlt(?k,  t)  rVt.  *“)>  (IT) 

la  aaaa  propagators  aa  tha  right-hand  aUa  at  Ip.  (It),  aa  have  Interchanged  tka  order  at  taa  argwaenta 
kaeaaaa  at  tka  ractpracal  property  at  tka  propagator.  Tha  second  aaaaat  at  tka  propagator  haa  kaaa 
obtained  by  using  tka  path  Integral  technique  (It).  tar  aaaapla, 

<W?t.  #)  «*(rk.  ?*)> 

-  «#(?t,  t)  Ko*(?t,  f")  exp[- {  k1**^  -  ftf.  p*>)  (20) 

Mara,  tka  structure  taaetlaa  tKpj,  pi)  la  defined  by 

#(?!*  Pj)  ■  /*  [*t(e)  -  *t  ((l-u)  pj  ♦  u  pj)]  du  (11) 

o 

with  tha  Integrated  correlation  function  h((p)  defined  by 

A  (?)  -  /“  dc  1  (?,  a)  (22) 

*  -*e  * 

Notlca  that  la  writing  Rq.  (20),  wa  hava  uaad  the  propagation  axle  defined  In  tha  flrat  aactlon. 
Introduction  of  Rq.  (20)  and  Ita  etallar  la  (It)  producer  an  axpreeeion  Ilka  that  la  Eq.  (!)  with  tha 
■ultlple  scattering  factor  N  given  by 

M(r,  ?')  •  axp[- -J  k2rD(0,  p')] 

♦  exp  |-^-k2r  [0(0^  -  Jj,  ?’)  ♦  D(pj  -  pR,  ?')]}  (23) 

Tha  right-hand  aide  of  Rq.  (21)  ahova  that  N  has  no  dependence  on  a1  as  aiainad  pravloualy. 


V.  NUMERICAL  RESULTS  AMD  DISCUSSIONS  —  GAUSSIAN  SPECTRUM 

In  thin  aaction,  a  Gaussian  space run  will  be  uaad  In  conputlng  tha  scattering  cross  section  In  both 
tha  weak  and  strong  scattering  Halts.  Tha  Gaussian  correlation  function  is  given  by 

Rt(r)  -  <*j2>  axp(-r2/l2)  (20) 

Tha  Kg  given  by  Rq.  (R)  can  be  evaluated 

At(e’)  -  Si  1  <a,2>  exp[-  (kV  ♦  p,2/l2)]  (25) 

The  cross  section  «(0  given  by  Rq.  (10)  la  given  by 

’ao(f)  ■  ibr~  ‘J  <*»l>  <*«> 

2  _i  “k2l2  |pL  ♦  p-|2/*r2 

Ra(l  -  Jki2/r)  1  axp( - 3 - 3 - ] 

l  -  JklVr 

In  the  case  of  weak  scattering,  tha  Integrals  of  (II)  and  (IE)  need  to  be  dona  flrat.  After  soee 
coaputatlons,  we  have  froa  (17) 

<♦(?  i  ?.)  ♦*(?  ,  ?  )> 

•  P  “  i 

-  p  /  dv  axp{-[(Sa  -  p^)  ♦  (pj  -  PB  -  p(  *  (*I) 

where  p  «  k2  <ti1>  /lit.  Whan  these  axpraaalons  are  substituted  Into  (13),  It  produces 

N(r,  ?’)  -  exp{-p[2  +  -■/'  ^  -  ,rf(_l^L_3L>  -  -5-4-  ) 

ISj-Sr1  Ip*  I  1 
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-  /'  a  •*(-«?,  -  ^  i* 

-  /*  <«  ^  -  ?*>  *  ♦ 

AtN  erf  nftiMMi  *n  imr  hMtlM.  Wtlml  1m*  *f  ttHtillt;,  U  tantul  cenpuntlM* 
*  altMtlM  la  which  pg  •  *  ft  •  “*T*.  h.M*i  w  km  m  *apr***l**  far  n  ready  far  numerical 

»  .  A  *  WJf')  g*  fj  M?  **p|-(*2  4  y*)  4  Ik* (a*  4  y*>,V] 

(1  4  -dj-  erf(d)  -  ■  .J*-  :  4  y2) 

A  ♦  P 

-  /*  4*  **p(-(-(d4n)v  4  a)1  -  (1-*)*  y2] 

-  /*  dr  *np(-((d-a)v  4  a)1  -  (l-*)1  »*)]} 


■era,  a*  have  utad  th*  new  dlaaaaloalaaa  vartahlaai  k'  -  kl,  r'  »  r/1,  d  •  t*y/t,  a  -  a'/ I  aad  y  -  y'/l, 

In  numerical  cMfatatlm,  w*  coaatdar  a  can*  la  ahleh  k  •  I0**"1,  1  0.05m  aad  i  -  1000a,  la  71*.  1, 

Curvy*  I  aad  It  ropranaat  a  value*  a*  a  faaetiaa  at  d  far  two  <*i2>  valu*« i  <*(*>  *  0.5  a  10~15  aad  0.5  a 
10“ 1* ,  reapaetlvaly.  Thaaa  (an  <«i‘>  value*  eerraepead  ta  a  •  0.044)  aad  0.44),  reepectlvely.  Tha 
fanMt,  Curve  I,  rapraaaata  a  aaaa  af  vary  veek  multiple  aeattarlag.  Tha  latter,  Carve  II,  rapraaaata  a 
•ttuatlaa  ef  aadlua  aeattartag  ahleh  eaa  ha  regarded  aa  tha  upper  Halt  far  the  validity  af  the  auparatko- 
aal  approximation.  frea  thoa*  tao  eurvaa,  the  enhancement  affect,  though  weak,  eaa  ha  elaarly  aaan. 
further  dlaeuaalau  la  poatpeaad  te  a  later  aaetiea. 


la  tha  eaa*  of  atroag  aeattarlag,  alae*  the  aajer  eaatrlhutloa  te  the  Integral  In  lq. 
tha  raag*  la*  I  <  1,  the  aarlaa  aapaaaioa  ef  tha  iatagratad  earraletlee  fuaettaa  Mt)  can 
glv*  [*,  101 

At(p)  *  A  <t*>  t  (1  -  p2/l2) 

Tha  Introduction  of  thl*  quadratic  approximation  In  (15)  produCM 
M(r,  a')  -  *xp(-p(p7t)2/l|{l  4  exp I-*  -  p^2/!!2]} 

Inaartlag  lq..  (51)  la  (7),  tha  raaultlng  anpraaalaa  can  b*  canput vd  to  ftva 


(7)  comae  from 
ha  truncated  ta 


( I4p/i)2  4  (kl2/r)2 


(1  4  *.p(-H  dV*)] 


abar*  tha  aaauaptloo  0*  -  -  PT  •  -  qf  aad  tha  d*f lnltloa  d  •  tq/l  have  bean  uaad. 

far  awaarlcal  eamputatlaaa,  w*  carnal da r  a  altuatlon  with  parameter*!  k  •  ID5!'1,  1  -  0.05a,  r  - 
1000a.  Again,  tao  valuaa  at  <*(*>  ara  aaadi  <sjv  *  1.5  a  10*“  aad  10“H,  earraapaadlag  ta  *  -  1.115 
aad  4.44,  reapaetlvaly.  Tha  variation*  af  n  are  alaa  dram  aa  Curve*  III  aad  IT  la  Pig.  1.  A  compaction 
bate eaa  tha  paraaatar  valaaa  ef  tha  maafc  aad  atraag  aeattarlag  aaaa*  abaua  that  they  have  the  aaaa  aeat¬ 
tarlag  gaamatry  and  a  daeraaaa  lc  fraqmaaay  by  taa  time*.  Bawavar,  aa  lacraaa*  af  maaa-aqaara  fluctuation 
by  500  tlama  bring*  tha  aeattarlag  at  raag  th  tram  a  aadlaa  raag*  tat*  the  aataratlaa  regime.  Tha  aaaa  with 
the  aaallar  p  velum,  1.*.,  a  •  1.115,  rmpraaaat*  a  aeattarlag  atraagth  at  th*  lunar  Halt  of  th*  aatwra- 
tlao  eaadltlaa.  Th*  larger  p  valma  daecrlba*  a  atroag  aeattarlag  elteatloa  baf ara  th*  forward  aeattarlag 
appramlmatlam  haeamaa  lavalldatad.  ta  Pig.  1,  Curvaa  III  aad  IT  daaaaatrat*  praalaaatly  tha  aahaacaaaat 
affect.  Aa  amhaacaaaat  by  a  factor  af  two  la  abtalaad  whaa  ciaparlag  tha  eraaa  aaetlaa  far  th*  enact 
aameetotte  cm**  with  that  far  a  racalvar-traaamlttar  aaparatlam  af  a  fan  eerralatlaa  length*.  A  com- 
parlaea  naaag  thaeu  tear  oarvaa  la  Pig,  1  glraa  tha  follan  lapraaalon.  la  th*  oaa*  of  vary  wank  aeat¬ 
tarlag,  a*  abaua  In  Cun*  I,  q  value  la  clan*  ta  amity  aad  little  if  aay  aahaacaaaat  la  ah  ana.  A a  th* 
aeattartag  gata  atroagar  1*  Carve  II,  the  aahaacaaaat  peak  bag lee  to  aaalfaat.  Alee,  th*  vhel*  level  af 
backeeattarlag  1*  relaad.  Thao,  la  tha  aaturctlaa  regime,  th*  aahaacaaaat  peak  haenmaa  vary  prealaaat. 
Thin  peak  gata  aarremr  aad  th*  aeattarlag  ereoa  aaetlaa  bacemt*  mailer  aa  th*  dielectric  fluctuation* 
latamalfy.  Thl*  aay  h*  attrlbatad  ta  tha  daeerralatlea  brought  about  by  aelttpl*  aeattarlag  aad  th*  loe* 
ef  oo ha ran ne  far  wave*  prep agat tag  la  tha  letaaelflad  turbmlaaea. 


TI.  —UCAI  nauua  ABB  DltCOUIOM  —  pono-uh  IPCCTHM 

la  thla  aaetlaa,  w*  cone Ida r  a  leaaal-fuactlea  pemar  npaetrua  with  th*  eerralatlaa  fuactloa  given  by 
(14] 

*  <«!*>!  V*24*i,)l/,l<'~J)/%e-SWl(*0^5**i7> 


■m.  MO  la  a  vu  order  beeeal  fwttlH  with  aa  Imaginary  argument.  The  aymbela  M  Ig  •  l/n& 
ngtiiwl  tha  Ian  and  aatar  aaalaa  af  tha  turbulent  structure,  mgNtlat).  It  haa  boo*  ohm  that 
altar  •  faartar  ttaaalafaatlaa,  tha  power  speetm  lallaaaa  a  am  law  wtth  mar  Index  a  la  tha  Initial 
■rtrwi  Per  it— tf* — *-  applloatloni,  a  oaa  ha  aat  at  11/3  la  In.  ()))«  Actually,  whan  tha  value  bi(a* 
a  « *yift  la  aat  lana,  tha  mar  aaaatraa  aaa  ha  apprealmsted  ha  tit) 


*t<«)  ■  ■ 


with  r  standing  far  a 


•<a,*>»*^* 


Ttf^TT 


faaattaa.  than  a  U  Mt  at  11/1,  *a«  (W)  hatawaa 


V>  * ,5‘*  (,S) 

This  agnation  la  competed  with  a  aswar  law  usually  used  for  refractlve-lndex  flactaatloaa  In  a  turhalant 
atmosphere ■  111) 

*  (a)  -  0,01)  C  *  x*ll/J  ()*) 

1  B 

a  caaaarlnaa  hatwaaa  Ian.  (11)  an!  (It)  In  tha  caaa  «*  »  w>*  land*  ta  a  ralatlon  aa 

<at*>  •  O.OObU  C#*  <37) 

■gust  ton  (IT)  provides  a  worn  eoaerata  physical  meaning  for  <*i*>  tinea  C^l  la  a  gcant.lty  that  can  ba 

measured  In  asaarlwaats, 

Tha  fnnetloa  {,({')  In  ft*  (!)  haa  haan  computed  (10) t 

, ....  ♦  »V  ■V>HV>  .... 


becteee  for  p  >  2,  tha  laaaal  I’uncUon  h(p-l)/2  decreases  vary  fast  aa  lta  argument  baeowaa  lartor  than 
unity,  tha  effective  rang*  of  e’  for  significant  X  value  eannot  ba  lartor  than  1/k  la  the  caaa  a  •  ll/)« 
Accordingly  Ig.  (A)  ninaltflaa  to  P(r,  p')  a  «r,  0)  -  1  and  Kg.  (11)  al^llflat  to  H(r,  a')  a  M(r,  0) 
whan  p'  <  1/k.  With  thaaa  approximation* .  Ip.  (T)  baeowaa 


0  (?)  -  T-  kt  H(r,  0)  «  (2k)  (M) 

•  14vZ  * 

Tha  ratio  of  the  Croat  auction*  reduces  to 

n  -  ha  H(r.  0)  (*0> 

This  ratio  da panda  only  on  tha  factor  M.  In  the  weak  scatter  Unit.  Kg*.  (lb),  (IT)  and  (lb)  can  ba  used 
to  ylald 


<p(rT,  r)  **(?’,  fj)>  ♦  <*(rT,  r)  p(r,  ?t)>  I  0 

<*r,  ?R>  b*(?T,  P)  ♦  <♦*(?,,  r’)  ♦*(?•.  ?,)>  «  0 


Thaaa  approximation!  land  to  tha  conclusion  that  N(r,  0)  a  i  and  thus  nil.  This  tapltae  that  whan  tha 
auparelkonal  approximation  la  valid,  mil tt pie  scattering  data  not  product  algnlf leant  affect*  on  tha 
backs eat taring  crons  eactlon  when  the  dielectric  permittivity  fluctuation*  have  a  power  law  spectrum. 
Actually,  it  haa  been  shown  (10)  that  la  auen  a  caaa,  miltlpla  scattering  affecta  art  important  only  In  a 
narrow  range  of  angle  around  the  forward-scattering  direction.  Therefore,  In  the  caao  of  weak  scattering, 
the  enhancement  effect  la  not  Important. 

On  the  contrary.  In  tha  saturation  reglna,  Wr,  0)  la  not  Identical  to  unity  evan  for  propagation  In 
a  power  law  environment .  Proa  Kq.  (2)),  we  have 

n  •  he  h(r,  0) 

•  1  ♦  e*p  (-  y  k*tO(d' ,  0))  (12) 


with  d'  being  defined  by  d'  -  |pg  -  Pt!>  the  distance  between  tha  transmitter  and  receiver.  In  order  to 
make  numerical  computations  feasible ,  w*  consider  a  case  with  p  ■  t.  Than  we  have  an  expression  for  n 

n  -  1  ♦  **?(-»'  #(d,  0)1  (13) 


hare. 


0(d.  0)  -  1  -  j  (h|(tQd)  l^d)  +  !.,(«„«  ^(^d)! 
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with  L,(.)  NfTMMtlit  t  aaliriad  Mrm  hxtlN  «ltk  trtit  a.  Uh,  *•  •  k*  <•!*>  r/ag  which  it  a  toi¬ 
ler  to  »  it  tin  ltct  imI«i.  Tha  iiftt  ftNMitn  ftr  ttotrlttl  n^tuitm  in  |tmi  k  •  IWj, 

It  ■  10*1*,  L  •  It  ni  t  •  lOOOw.  tut  mmh  trt  ikwt  it  Pig.  J  nrtw|Mili|  ta  tot  aalnoa  tl  <tr*>t 
li “l*  (Ikrali  i1  •  10)  nil  >  i0*ii  (Our**  It,  p*  -  JO).  tallaotly,  *  factor  at  tot  ut  to  aaaa la  tka 
rat la  af  tka  peak  aalaa  ni  tka  fiat  tali  la  altkar  taraa.  11  ta,  aa  la  tka  aaaa  af  tka  Otutaita  spectrum, 
la  tka  altaatlaa  af  atroagar  tat tt trial,  l.a.,  p*  la  laiaar,  tka  aakaaeaaaat  raaaa  la  ttrrtaar.  It  Ml- 
tlaa,  la  Pig.  I  at  laara  tkat  aaeapt  far  tka  takittaaaat  affaat,  tk»  multiple  aaattarlai  tiara  aa  taatiiat- 
flaaat  tala  la  hnb*o*tt*tl*|.  Tkit  ta  aeaalttaat  ultk  tka  eeaalaataa  la  tka  aaaa  af  weak  aaattarlai.  It 
la  aafartuaata  tkat,  aa  far,  tkara  la  a*  theory  tkat  eaa  elaaa  tka  tkaaratleal  pap  kataaaa  tka  awparatke- 
aal  «a» rami— tlaa  cad  aatarattaa  ragiar.  Otkanrlta,  aa  may  ka  akla  ta  aaa  tka  gradual  grwtth  af  aahaaet- 
aaat  affaat  aa  tka  aaattarlai  atraa|tk  la  lneromaol. 


fU.  OOMSMiaM 


la  tkta  mat,  w  kaaa  lamawat rated  tka  aakaataaaat  affaat  la  nrkalaat  madia.  Two  raataa  af  teat* 
tarlaa  atraa|tk  art  eon* id* rad.  Ia  uaak  acattartal,  tka  aaporoikomal  appraalnatiaa  ta  uaal,  aklla  la  tka 
Halt  af  attw*  multiple  aaattarlai  tka  aatarattaa  atatlattea  ara  aaaaaal.  Ta  proaaat  aaaarteal  raaalta, 
taa  klad*  af  power  apeetral  faaatlaaa  ara  aaaliadt  a  Cmaaalaa  aal  a  pewar-lao  faraat . 


It  kaa  kaaa  akaaa  tkat  tka  aakaaaaaaat  affaat  la  completely  oaa trolled  ky  tka  nelttpla-aeattariag 
factor  H.  Ikaa,  tka  aaat  crucial  par— far  aaatralllat  H  la  p  ta  tka  aaaa  at  Oaaaalaa  apaatraa  or  •'  la 
tkat  of  pawar-law.  Par  a  alaplar  dlecuaaiaa,  lot  aa  loak  lata  tka  eno*  of  Oaaaalaa  apaatraa.  la  tkla 
caao,  p  eaa  ka  raarlttoo  aa  a  •  k*  i,(o)r,  Tkla  parameter  eaa  ka  id*atif lad  aa  oaa  al|kth  of  tka  aitlac- 
tlaa  llataaca.  Tka  aatlactlaa  llataaca  la  tka  lletoaee  af  prapnatlaa  over  uktek  tka  eokaraat  flail  la 
attaaaatal  to  lta  1/a  ualoa  (If).  Ut  <I>  aal  <I>  rapraaaat  tka  eokaraat  flail  aal  auarai*  latoaalty, 
raapactlraly.  After  a  uave  aolttal  ky  a  polat  aourca  ptopaiataa  tkreulh  tka  raaloa  Maltua,  a  eaa  ka 
ratarlef  a*  a  paraoatar  af  eokareaca  let tael  ky 


P 


-  ib 


(15) 


Apparaatly,  |<l>|*  ta  tka  eokaraat  lataaatty.  Tka  value  of  *  caa  vary  fro*  acre,  corraapoallai  to  a 
coop lately  eokaraat  aura,  to  taf laity,  corraapoallai  to  a  completely  iaeokaraat  war*,  line*  tka  onhcnce- 
aaat  affect  ta  attrlkutel  to  tka  eokaraaca  racoaaral  la  tka  rwund-irtp  propafatloa,  tt  aaat  ka  coatrollal 
ky  tkla  paraoatar  of  eokaraaca  p  aa  aa  chewed  la  tkla  paper,  ilthough,  only  lialtal  rang*  of  p  aalaa 
tool!  ka  cooallaral,  aa  111  akow  that  a  larper  p  aalaa  leal*  to  a  wore  proa  leant  aakaneaaaot  affaet,  Tkla 
traal  u*n  ha  interpreted  ky  aayla|  that  ralatlaaly  oera  eoharu,u  ta  racoaaral  in  tka  enhancement  region 
aa  tka  aaaa  loaaa  no re  eokaraaca  luring  propagation  ia  a  random  ualtuo. 
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Fig.  1  Geoaatrg  of  pjoblen.  "be  trenaaltter,  receiver  and  two  acatterara  are  reapeetlvely  located  at 
1*t)»  <rR>>  M  and  =•-").  The  acatterlng  volume  V,  la  far  away  froa  the  tranaaltter  and 
receiver  In  the  randoa  aedlua  which  occuplea  the  hilf  apace  above  the  horlao.ital  line.  The  i- 
•xla  la  uaed  aa  the  propagation  axla. 
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DISCUSSION 


S.  Clifford,  US 

The  enhanced  backacacter  case  (equivalent  problem)  has  been 
considered  in  lidar  scattering  off  a  rough  surface  field.  Enhanced 
backscatter  occurs  when  transmltter/RCVR  are  colocated  due  to  "tilt 
compensation".  Is  this  the  same  effect  to  which  you  refer?  If  you 
have  a  tilt-only  measurement  (quadratic  structure  function)  do  you 
see  enhanced  backacacter?  I  did  the  same  type  of  calculation  in 
Applied  Optics  (Clifford  and  Wandsune,  1982;  Clifford  and  Lasing, 
1984).  For  the  lidar  problem  in  weak  scattering,  I'm  curious  about 
unifying  the  two  problems,  i.e,  doing  the  strong  scatter  lidai  case 
by  following  your  development. 

Author's  Reply 

The  enhanced  backscattering  from  a  rough  surface  under  an 
experimentally  controlled  environment  has  been  observed  in  recent 
years,  but  a  satisfactory  theory  that  explains  all  aspects  of  the 
observed  phenomena  is  still  lacking.  In  the  case  of  volume 
scattering,  the  enhancement  is  caused  by  the  existence  of  two  kinds 
of  propagation  paths  which  give  rise  to  contributions  to  the 
scattered  intensity.  By  "tilt  compensation"  if  you  mean  the 
quadratic  approximation  to  the  correlation  function,  then  this 
approximation  alone  is  not  the  cause  of  enhancement. 

U.A.  Flood,  US 

In  the  case  of  the  power-law  spectrum,  what  is  the  angular  width  of 
the  backscatter  enhancement?  (In  the  particle  case  discussed  by 
l8himaru,  the  angular  width  of  the  backscattered  enhancement  is  far, 
fAr  leas  than  would  be  predicted  by  diffraction  from  a  particle  of  a 
given  radius.) 

Author's  Reply 

For  the  example  shown  in  Fig.  2,  the  width  of  enhancement  is  of  the 
order  of  the  correlation  length  which  is  0.05  m.  The  scattering 
volume  is  at  a  distance  of  1000  m  from  the  radar.  This  corresponds 
to  an  angular  enhancement  width  of  0.05  m  rad  which  is  very  small 
indeed. 

A.  Consortinl,  IT 

The  power-law  spectrum  that  you  used  takes  into  account  the  outer 
scale  of  the  turbulence.  Are  you  planning  to  take  into  account  the 
effect  of  the  inner  scale? 

Author's  Reply 

Yes.  As  a  matter  of  fact  some  computations  are  made  for  the  case 
when  the  wavelength  is  smaller  than  the  inner  scale. 

I.M.  Beale tie,  US 

It  is  Interesting  to  compare  the  changes  in  the  backscattering 
enhancement  level  and  angular  spread  when  you  increase  the  strength 
of  the  statistical  fluctuations  with  those  discussed  by  Akira 
Ishlmaru  in  connection  with  scattering  by  large  concentrations  of 
particles. 

Author's  Reply 

1  agree,  tfe  have  made  some  computations  showing  these  effects. 
Perhaps  more  computations  are  needed. 
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NULTI1U  SCAJURHO  KFF1CTR  OF  RARDOM  riSTRIBUTIOHS  OF 
IRMOULARLI  SHAPE!  PARTICLES  OR  DOTARD)  AKU  OPTICAL  PROPAOATIOR 

lMki.il  Btlur 
and 

Mary  Ana  Fitivatar 

Electrical  Engineering  Department 
University  of  lebraaka-Lincoln  68588-0511 

ABSTRACT 

Scattering  end  depolarisation  by  layaro  of  randomly  distributed  particles  of  Irregular  abapa  and  finite 
conductivity  ere  determined  for  infrared  aad  optical  electromagnetic  excitations.  The  irregularly  seeped 
particles  considered  bars  are  spheres  vitb  randoa  rough  surfaces.  They  are  characterized  by  their  two  dimen¬ 
sional  surface  height  spectral  density  functions  or  autocorrelation  functions.  Circularly  and  linearly 
polarised  excitations  at  normal  incidence  an  veil  as  vertically  and  horizontally  polarized  excitations  at 
oblique  incidence  are  considered.  The  co-polarized  and  crosa-polariaed  incoherent  diffuse  specific  intensities 
(Modified  Stokes  Parameters)  are  determined  by  solving  the  vector  fora  of  the  equation  of  radiative  transfer. 
To  this  end  the  full  save  approach  vhich  accounts  for  diffuse  scattering  as  well  as  specular  scattering  in  a 
self-consistent  manner  is  uaod  to  evaluate  the  extinction  cross  sections  a*  vrll  as  the  scattering  (phase) 
matrix  for  the  irregularly  shaped  particles.  Both  single-scatter  and  multiple-scatter  Incoherent  specific 
Intensities  ere  evaluated  for  particles  vith  smooth  as  veil  as  rough  surfaces.  It  la  shown  that  the  particle 
surface  roughness  can  have  a  significant  effect  on  the  diffuse  specific  intensities.  The  phenomenon  of  enhanced 
backecatter  la  also  examined. 

1.  unnoDucTioH 

The  vector  form  of  the  equation  of  radiative  transfer  is  solved  to  determine  the  co-polarized  ujd  cross- 
polarized  incoherent  diffusa  specific  intensities  (Modified  Stokes  Parameters)  generated  in  layered  media 
consisting  of  random  distributions  of  Irregularly  shaped  particles  of  finite  conductivity.  Linearly  polarised 
and  circularly  polarised  vaves  at  normal  incidence  as  veil  as  obliquely  incident  vertically  and  horizontally 
polarized  electrcamgnetic  excitations  at  Infrared  and  optical  fraquenclea  are  considered. 

The  problem  of  alectrcmagretlc  wave  scattering  by  random  distributions  of  particles  has  been  studied 
extensively  ty  researchers  with  interests  in  fields  such  as  atmospheric  aerosols,  smoke  end  dust  in  planetary 
atmospheres  (Chandrasekhar  1950.  Ishimaru  1978).  Hovever,  in  most  of  the  work  on  this  topic,  the  scattered 
parMclea  are  asaimnd  to  be  of  idealized  shapes  such  as  spheres,  oblate  and  prolate  spheroids  and  circular 
cylindars  for  which  rigorous  separable  solutions  are  known  (Ruck  at  al.  1970).  In  many  physical  problems  of 
interest  however,  the  individual  scattarers  are  of  irregular  shapes  such  as  flakes,  spheres  end  cylindars 
vith  random  rough  surfaces  (Oreenberg  1980,  Chylek  1971,  Schsurman  1980!  Bahar  and  Fltswater  1983,  1983; 

Baber  and  Cbakrabertl  1985).  Several  theoretical  and  experimental  techniques  used  in  the  study  of  scattering 
and  absorption  by  irregularly  shaped  particles  have  been  reported  In  tbe  proceedings  of  the  workshop  on 
light  scattering  (Schsurman  1980).  A  survey  of  several  analytical  and  numerical  techniques  including  their 
respective  proa  and  cons  has  been  presented  by  Yeb  and  Mel  (1980).  For  example,  if  tbe  mean  square  height 
of  the  surface  roughness  <h^  la  small  (B-hk“h^>  «  1,  share  k_  is  the  free  space  wavenumber)  a  perturbation 
approach  can  ba  used  to  account  for  diffuse  scattering  attributable  to  tbe  rough  surface  (Ruck  et  al.  1970, 
Rice  1951,  Kiahl  et  al.  1980 ).  However ,  for  8  «  1  the  effects  of  the  rough  surface  on  tbe  scattered  specific 
intensities  are  negligible.  For  problems  of  practical  interest  vith  8  >  1,  the  perturbation  solutions  arc  not 
suitable  end  a  full  wave  solution,  vhich  accounts  for  physical  optica  and  diffuse  scattering  in  a  self- 
consistent  manner,  can  bo  used  to  express  tbe  scattering  cross  sections  as  weighted  sums  of  the  physical 
optics  and  tha  diffuse  scattering  cross  sections.  These  full  vs  vs  expressions  are  used  to  determine  the 
elements  of  the  phase  matrix  as  veil  as  the  extinction  coefficient  that  appears  in  the  aquation  of 
radiative  transfer  for  media  consisting  of  random  distributions  of  irregularly  shaped  particles  (Bahar  and 
Fitxvatar  1986a). 

Hhen  equivalent  spheres,  spheroids  or  cylinders  do  not  reasonably  represent  the  basic  scattering  charac¬ 
teristics  of  irregularly  shaped  particles,  experimental  microwave  techniques  developed  fay  Oreenberg  (i960) 
can  be  used  to  determine  ihe  albedo  for  particles  for  vhich  no  analytical  solution  yet  exists  (Schsurman  1980, 
Chylek  1977) . 

For  the  illustrative  examples  presented  in  this  paper  the  Irregularly  shaped  particles  of  finite  conduc¬ 
tivity  are  spheres  vith  random  rough  surfaces.  They  ere  characterised  by  their  two  linens tonal  surface 
height  spectral  density  functions  or  their  corresponding  non-Oauasian  autocorrelation  functions.  Since  it 
la  assumed  here  that  tha  roughness  paramstsr  is  large  (8  »  1),  in  order  to  evaluate  the  extinction  cross 
sections  tbs  full  wave  approach  is  used.  In  addition.  Judicious  use  is  made  of  the  forward  scattering 
theor«  (Born  and  Volf  1964)  and  the  very  perceptive  observation  that  for  large  scatterers  (physical  dimen¬ 
sions  large  ooqMred  to  vavalength)  the  forward  scattered  "shadow  forming"  vave  is  the  same  for  ail  surfaces 
which  have  the  same  shadow  line  (Morse  and  Fashbech  1953).  To  facilitate  tbs  analysis,  it  is  assumed  hare 
that  the  radius  of  tha  sphere  la  not  only  large  compared  to  the  wavelength  1  but  also  large  ooatpered  to  the 
rough  surface  height  correlation  length.  However,  tha  radii  of  curvature  of  tbe  rough  surface  need  not  be 
large  cozperad  to  the  wavelength.  Multiple  scattering  between  tbe  different  elements  of  tbe  surface  of  the 
same  sphere  is  neglected. 

To  solve  the  equation  of  radiative  transfer  for  tha  incoherent  specific  intensities,  Gaussian  quadrature 
aad  the  matrix  characteristic  value  techniques  are  used  (Ishimaru  et  il.  1982),  The  problem  is  formulated 
in  Section  2.  The  method  used  to  evaluate  tha  extinction  cross  section  is  described  in  Section  3.  Illustra¬ 
tive  examples  are  presented  in  Section  4,  Both  single  scatter  and  multiple  scatter  results  for  tbs  co- 
polarlaed  and  eroaa-polarlsed'  incoherent  specific  intensities  are  given  for  particles  with  smooth  surfaces 
aa  veil  as  rough  surfaces .  Thus  the  offsets  of  particle  surface  roughness  upon  the  co-polsrited  and  cross- 
polanied  intensities  are  investigated  in  detail.  Special  eonaldaratlon  la  given  to  tbe  evaluation  of  the 
degree  of  polarisation  of  tha  incoherent  specific  intensities  and  the  observed  phenomenon  of  enhanced 
backecatter. 
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2.  F0RNULAT1QH  OF  THE  FROBL» 

A  linearly  polarised  electromagnetic  mn  is  untMd  to  be  obliquely  iucideut  upon  a  parallel  layer  of 
randomly  distributed  particles  of  flnlt*  conductivity  and  lrrsgular  shaps.  Sptclf ideally,  in  this. work  th« 
partlclaa  art  aaawad  to  ba  apharta  vhost  aurfaoaa  art  rsndomly  parturbed  (aaa  Pig.  l).  Thua,  if  h  la  tha 
randoa  aurfaoa  baigbt  of  tha  particle  aeaaured  normal  to  tha  unpart urbad  aphara  of  radium  a,  tha  radlua 
vactor  to  tha  aurfaoa  of  tha  irregularly  aUapad  particle  la 

r.  -  (a  ♦  h)ay  (2.1) 

in  which  ar  ia  tk«  unit  radium  vactor.  Tha  naan  square  height  of  tha  rough  aurface  <h  >  la  asauaad  to  ba  much 
that  tha  roughness  parameter  B-tk|<h2>  (where  Iq  la  the  free  apace  vavsmmber)  ia  large  (1  <  6  <  to),  Thua, 
the  aaall  perturbation  method  (Rica  1951;  Ruck  at  al.  1970;  Kiahl  at  el .  1980)  cannot  ba  uaed  to  analyte  the 
scattering  by  tha  vary  rough  particlaa  oonaidarad  The  anall  perturbation  nethod  ia  restricted  to  particles 
with  anall  roughosss  paraaetera  B  &  0.1,  for  which  the  incoherent  diffuse  specific  Intensities  are  not 
significantly  different  from  those  for  the  correaponoing  smooth  (spherical)  particles.  Theoretical  and 
experimental  techniques  used  in  the  study  of  scattering  i  >d  absorption  by  irregularly  ahapad  particlaa  have 
base  presented  n  tha  proceedings  on  tha  vorkshop  on  lignt  scattering  (Scheurman  I960).  A  survey  of  analyt¬ 
ical  and  nunerical  techniques  including  their  proa  and  cons  has  been  presented  by  Teh  and  Mel  (1980). 

The  full  wave  nethod  that  accounts  for  specular  point  scattering  and  diffuse  scattering  in  a  unified, 
self-consistent  manner  has  been  used  in  this  work  to  determine  the  scattering  and  depolarisation  by  particles 
with  rough  surfaces  (Bahar  and  Fltawater  1983;  Bahar  and  Chakrabarti  1985)-  The  random  rough  aurface  height 
h  is  characterised  by  its  surface  height  spectral  density  function  V  or  its  Fourier  transform,  the  surface 
height  autocorrelation  function  <hh'>. 

The  incoherent  diffuse  spsoiflc  matrix  [I]  satisfies  the  equation  of  transfer  (Chandrasekhar  1950; 
Ishlaaru  1978) 

U  *  -III  +  /  [S][I*]dp  d*  +  (I±)  (2.2) 


in  vhich  tha  elements  of  tha  matrix  [i]  are  tha  modified  Stokes  parameters  (Chandrasekhar  1950 >  Ishimaru  1973) 


ZReCEiEgb 

2Xa<E1Kg> 


The  symbol  <•>  denotes  the  statistical  sverege  and  *  denotes  ths  complex  conjugate  (a  suppressed  exp(iut) 
time  dependent  excitation  ia  assumed) .  The  vertically  and  hori tout ally  polarised  coaponente  of  the  electric 
field  ere  and  Eg  respectively.  The  optical  distance  T  ia  measured  in  the  s  direction  (normal  to  the  plane 
of  the  slab,  see  Fig.  2). 

t  »  »p(ot]  =  s/o  n<0)dD  (2.U) 


where  D  is  the  diameter  of  the  unperturbed  spherical  particle,  n(D)  is  the  particle  else  distribution  and  a 
ia  the  total  crosa  section  (extinction  coefficient).  The  ayahol  pM  denotes  integration  over  the  else  4 
distribution.  The  effects  of  the  particle  surface  roughness  (which  is  asuumed  to  be  isotropic  and  homogeneous ) 
are  vanishingly  small  in  the  forward  direction,  thua  ths  extinction  matrix  (Ishimaru  and  Cheung  1900;  Cheung 
and  Ishimaru  1902)  for  the  particle  with  the  rough  surface  can  be  represented  by  the  scaler  quantity  o,. 

The  matrices  [I]  and  [I1]  are  the  incoherent  diffuee  intensities  for  waves  scattered  by  the  particles  in  the 
direction  8  -  cos"4!!  and  $  ana  for  waves  incident  in  the  direction  8 '»  cos~4p'  and  $ '  respectively.  Tha  (4x4) 
scattering  (phase)  matrix  [S]  in  tha  rafsrencs  coordinate  system  is  expressed  in  terms  of  the  scattering 
matrix  (f ' ]  in  the  scattering  plane  (that  contains  the  incident  and  scatter  wave  normals  B1  and  Bf  respectively 
see  Fig,  2)  through  the  following  transformation 


(sl  -  Kl-ir  +  a)](s']tt(o') 


(2.5) 


in  vhich  (S')  is  the  weighted  sum  of  two  matrices 


In 


(2.6)  [8^,1  ia  given  by 


[S']  -  Ix(7-Sr)|2[sm,]  ♦  [Bj] 


p[ifuiai  p[|f12i2)  pR#[fi1fL5 

[Sj^el  “  p[oT  P^fzl^  ^  PU*agl  ]  pRe(falf22] 

t  pae(fuf21l  p2Re(f12f22)  pSet^fjg+figf^] 

p2Im[fiif2i]  pZI,^ri2f22^  PI“^fllf22+f12f2ll 


-plm[fnf12) 

-P“[f2l4] 

-plot  fjjf gg- T12f 21 J 

pRe  [  f  uf  jg-fijf 2  j  ] 


(2.6) 

(2.7) 


where  f^ 


are  elements  of  the  2x2  scattering  matrix  for  ths  unperturbed  (sphsric.ol)  particle 


(2.8) 


In  (2.8)  Sjt .  If  and  l»,  E_  are  the  incident  and  scattered  vertically  and  horisontally  polarised  electric  field 
ccnponents  in  the  scattering  plane  and  r  is  the  distance  to  the  field  point  from  the  center  of  the  epherioal 
particle.  For  a  smooth  sphers  i'jy  are  given  by  the  Mie  solution  (Ruck  at  al.  1970;  Ishimaru  1978)  and  [f]  is  a 
diagonal  aatrix.  Ths  Mie  solution  contains  ths  specularly  scattered  contribution  as  well  as  ths  contribution 
of  ths  shadow  forming  wave  (Horse  end  Feahbach  1953). 


The  transformation  matrices  [4]  in  (2.5)  art  given  in  terms  of  ths  angls  o'  between  the  reference  plane 
of  ineidsne#  and  the  scattering  plane  end  ths  angle  o  between  the  scattering  plane  and  the  reference  nlane 
of  scatter  fees  Fig.  2) 
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The  quantity  X  in  (2.6)  la  the  particle  random  rough  aurfaca  oharactariatlc  function 

X(»’»r)  *  <exp(iv«*rb)» 


v  •  k  (5f-51) 

O 


Thus  ths  cosffAcisnt  |x|*  In  (2.6)  accounts  for  tbs  degradation  of  tha  apacular  point  contributions  to  tha 
acattarad  fialda  by  the  rough  surface  (|xl‘  <  1  and  as  B  ♦  0  j x 1 2  ♦  l)>  The  diffuae  scattering  contribution 
the  matrix  S'  due  to  the  particle  rough  surface  is  given  by 


for  1,J  ■  1,2 


2  11 
in  which  A_  ■  ire  is  the  average  cross  sectional  area  of  the  unperturbed  particle  and  <o  are  the  full  wave 
solutions  Tor  the  like  (i»j)  and  cross  polarised  (ij*J )  normalized  scattering  cross  sections  (Bahar  and 
Fltzvatar  1983;  Bahar  and  Chakrabarti  198$).  The  first  and  second  superscripts  1,J  denote  the  polarisations 
(V  vertical  and  H  horizontal)  of  the  scattered  and  Incident  vavea  respectively 

<oiJ>  -  T /*|k  D1J|2  P.Q  rinYdydi/it2  (2.lU) 

vhsrs  oo 

P  “  /  <X2(*,V"lx(**Srla)**p<i*'Vdxdd,d  t2,15> 

Since  the  rough  surface  height  h  is  aesuaed  to  be  isotropic  and  homogeneous ,  the  surface  height  autocorrelation 
function  <hh’>  and  the  joint  characteristic  function  X2  *re  only  functions  of  the  distance  ra«(x|  +  z|)* 
measured  along  the  surface  of  tha  unperturbed  sphere,  for  rough  surface  heights  with  Gaussian  distributions 

lx(5*s,)la“«*p(-<v*»J*<i»?'’']  (2.16) 

end  r  „  „ 

X2(v-ar)  •  <exp  iv"ap(h-h')>eejq>((v.aI.)‘'<hh,>)j,'(v*ar)|  (2. IT) 

In  (2.1$)  It  ia  assumed  that  the  surface  height  correlation  length  r  is  small  compared  to  the  particle 
circumference  irD.  c 

For  i  ■  3  and  k 

(S^i)  -  p(Re(<0gj>D  i  «J^>D)]Ay/4ifp(ot)  (2.18) 

(upper  end  lower  signs  for  i  ■  3  and  4  respectively),  for  l|lj 

ISijl  “  <ag2>D  +  «J^>D]]Ay/*orp[<Jt)  (2.19) 

(upper  sign  for  i  »  U,  j  »  3  and  lover  sign  for  i  ■  3,  J  *  k  respectively). 

In  the  above  expressions 

<aH>  -  V1*  p2Q  BiBfrdY<J6/Tr2  (2.20) 

In  (2.14)  and  (2.20),  P2,  the  ahad-v  function,  ia  tha  probability  that  a  point  on  the  surface  of  tha  particle 
le  both  Illuminated  end  visible  given  the  elope  of  the  surface  at  tha  given  point  (Sancer  1964).  The  scatter¬ 
ing  coefficients  D*J  art  functions  of  B* ,Bf  and  fi.the  normal  to  the  unperturbed  aurfaca  of  tha  particle.as 
veil  ee  lti  electromagnetic  parameters  e,M.  Tha  remaining  sight  tana  of  tha  matrix  [Sp]  vanish  since  D11  and 
(ij*j)  are  syametric  and  antisynetric  respectively  with  raapact  to  6  the  azimuth  angle  for  tha  sphere. 

In  thla  work  it  ia  assumed  that  a  linearly  polarised  wave  (vertical  or  horisontal)  ia  obliquely  incident 
upon  a  parallel  layer  of  optical  thickness  T„  containing  a  random  distribution  of  particles  with  rough  ■ Ur faces 
The  Incident  Stokes  matrix  at  i  ■  0  ii  (sea  rig.  2) 

dla<J  "  [l^Wy'VW*')  (2-21) 

in  which  ll1  »  cosS1,  the  direction  of  the  incident  wave  ia  (B*,0)  and 


• 

0  0 


and  [IL] 


for  P-V  (vertical),  P»H  (horizontal),  P»R  (right),  and  P»L  (left).  In  (2.2l)i(*)  ia  the  Direc  delta  function. 
Thus,  the  reduced  Incident  intensity  ia 
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tlri]  -  [I1BC]  exp(-t/pl)  (2.23) 

and  tb*  (kxl)  excitation  Matrix  (2.2)  1* 

[Iil  ■  /[8]tlrll4»l'44'  S  tflaxpf-T/U1)  (2.2k) 

in  which  the  (kill  matrix  [F J  It  p  , 

IF]  -  lOHl^L.^l  (2.25) 

-  U,«o 

end  the  matrix  tl£]  la  defined  in  (2.22).  The  matrix  [F]  can  he  expreeeed  u  a  Fourier  eeriee  (Iehiaaru 
et  al.  1982)  _  _ 


(F]  -  E  [F]“  coead  +  I  IF]”  elnad 

a-c  *  m-1  " 


For  normally  incident  (8**0)  linearly  polerieed  waves,  the  tenu  art)  and  a*2  are  the  only  nun- vanishing  teraa 
and  for  noraally  incident  circularly  polarised  warts  the  only  non-vanishing  tern  la  a»0.  However,  for  the 
obliquely  incident  linearly  polarised  waves  considered  in  this  work,  the  nuaher  of  terms  of  the  infinite 
aeries  needed  to  be  considered  depends  on  the  desired  accuracy  of  the  nuaerlcal  results  ( see  Section  U ) . 

From  (2.26)  it  follows  that  - 


and  for  a  >  1 


m:  .£/[»]* 

£  ■  r  T (Flcosaddd,  If]*  -  i  f  [F]sina4d4  , 


(2.28b) 


0  0 

The  incoherent  apecific  intensity  aatrix  [1 3  can  also  be  expressed  in  terms  of  the  Fourier  series 

(I)  -  E  [I]*  cossid  +  E  dr  Sinad 
m«o  “  a»l  “ 

Since  the  elements  of  the  scattering  matrix  [S]  are  functions  of  4' -4  it  is  expressed  as  follovs 
[S]  «  ^  [s]®  +  i  |js]*  cosm(d'-d)  +  [S]*  sinm(4'-4)j 


Furthermore,  for  the  rough  sphere  f,.  are  even  functions  and  f. .  (idj)  are  odd  functions  of  4' -4,  for 
m-0,1,2  ...  ,  thus  11 

ffii* .  ks  °  i  r-,b .  r  °  t-bfii 


whore  [S.J®,  [Su]*,  [Sg]^  and  [s^]^  are  (2x2)  matrices  given  by 

2ir 

[S±]B  »  /  (Sj]  cosn(4'-4)d(4'-4)  ,  i»l,lt 


(2.32a) 


and  [Sj  are  the  (2x2)  matrices  defined  by 


[Sj]^  «  /  [Sj]  sinm(4'-4)d(4'-4)  ,  i“2,3 


1S1> 

_ts3]  tsu]J 


It  therefore  follovs  that  the  first  two  elements  of  the  Stokes  matrix,  and  I„,  are  even  functions  of  4'-4 
while  the  last  two  elements,  U  end  V,  are  odd  functions  of  4’-  4(lshimaru  et  el.  1982).  Thus  for  m»Q,l,2  ... 


end  [ I ] 


where  [l]°  -  [0] 
o 


The  equation  of  transfer  for  each  of  the  Fourier  components  can  be  vritten  as  follovs 

,  1 


*  3?  w.  ■ 


♦  £  tS]Bll']mdii'  +  iF^expt-T/y1) 


UL  -  til*  *  [it  .  If).  -  [F]®  +  [Fl* 


in  which 


(2.36) 


let*  that  ainc*  [IJq  *  (0),  [t>^!o  *  (0]  (i*ti3)  ani  (F)*  •  (o),  the  lut  two  elements  of  th*  matrix  aquation 
(a. 33)  vanish  for  the  eui  m“0. 


lb*  'ouodery  condition*  for  «ht  Stokss  mstrix  [I]  or* 

U1B  "0  for0<w<l*tT"0 

tl]_  ■  0  for  0  >  w  >  -1  ot  T  •  r 

1  ■  •  O 


(8.38*) 

(8.38b) 


Equation  (8.35)  together  with  tb*  associated  boundary  condition*  (a. 36)  or*  solved  for  tl)B  using  th* 

Qaaslsn  quadrature  method  (to  dlacretla*  tin  tool*  0)  and  tb*  matrix  characteristic  value  technique 
(Ishlnaru  19T8). 

Th*  diffuse  scattering  intensities  I],  end  Ig  correspond  to  tb*  vertically  polorlatd  (t,)  oad  horl- 
toot&lly  polarised  (E,)  wvii .  However,  la  practice,  tb*  polorlaotloa  of  tb*  r*e*lv*r  1*  either  porallel  (X*) 
or  p*rp*adlculor  (X>)  to  tb*  polorlaotloa  of  tb*  incident  wav*.  Th*  corresponding  apeclflc  intensities  1, 
aad  J,  or*  colled  tie  co-polaritert  oad  croaa-polorieed  iacob*r*at  intensities,  respectively  (Cheung  oad 
Isniaaru  i960).  fhay  or*  related  to  th*  intensities  and  Ig  through  th*  linear  transformation 


18<la(XxX 


co*  Scot  f  sin* 
co*29alr.‘t  cos20 
coa20sin2g  -ain  2d 


-H  ala  20  co*0 
H  *lo  Sd  eo*0 
co*  2d  co*0 


Th*  degree  of  polarisation  of  *cotter*d  wove*  1*  given  by 

((I,-  Ij2  +  02  +  V2)'1 

" - ^ -  •  (W 

All  th*  apeclflc  intensities  o*  veil  oa  th*  parameter  a  are  tymaetric  about  th*  d  *  °>  l80°  ploa*. 

It  1*  olao  necessary  to  determine  th*  extinction  coefficient  (total  croa*  section)  ot  In  order  to  solve 
th*  equation  of  transfer  (2.2).  When  "equivalent"  sphere*  do  not  resuionably  represent  the  basic  scetta-.-tng 
characteristic*  of  Irregularly  shaped  partlcl**,  Greenberg  ha*  developed  experimental  alcrovave  technique*  to 
determine  th*  albedo*  of  particles  for  which  no  analytical  solution  existed  (Greenberg  I960;  Chylek  19TTi 
Scheurman  i960). 

la  this  work  (Section  3)  th*  full  wave  approach  (which  unlike  th*  snail  perturbation  aethod  is  not 
restricted  to  aaall  values  of  0)  ia  used  to  evaluate  ot  (Table  1)  (Baber  ot  al.  1986)  by  asking  Judicious 
use  of  th*  forward  scattering  theorem  (Born  and  Wolf  196b)  and  th*  very  perceptive  observation  that  for 
larg*  sca-terers  (coapared  to  wavelength)  th*  forwtrd  scatter  "shadow  forming  wav*  is  th*  same  for  all 
surface*  which  have  the  saw*  shadow  line”  (Norse  and  Ftshbach  1933). 

3.  TOTAL  CROSS  SDCT10HS  AND  ALBEDOS  FOR  SPHERICAL  PARTICLES  iZJf  HOUGH  SURFACES 
The  elbedoi.  for  particles  with  rough  surfaces  are  given  by 


A  -  0Q/0t 


os/(oE  ♦  am) 


in  vh.*?h  0^  Is  the  norselisM  sbsorption  cars*  section,  snfl  ag  is  the  nomslised  scattering  cross  section 
(petr  unit  cross-sectional  area): 


/  Ixl2  V12  +  W  /  0l'an 


5  °S1  +  °S2‘  (3-2) 

tb*  rough  surface  height  characteristic  function  ia  x.  and  (A,  is  th*  Mie  solution  for  the  differential 
acattarlng  croaa  aactlon  (par  unit  solid  angls)  for  th*  smooth  (unperturbed)  sphere  (Ruck  *t  al.  19TD; 
lahlaaru  1978).  Thus 

"fU  *  11^(0)!  ♦|s2(0)r*in0d0  .  .  (3.3) 

Explicit  expressions  for  th*  terms  Si  sad  8g  in  the  Ml*  solution  ere  given  by  Isblaaru  (1978).  Furthermore, 
op  It  th*  diffuse  scattering  contribution  to  th*  croaa  section.  Thus  (***  Appsodix  A) 

0g2  -  0.25  /(<c^V>+<i^>+<c^V>+<c^B>)*IoW8  .  (3.4) 


in  vhichq%r>{P.<J«Y,H)  art  th*  11X*  and  croaa- polarised  diffuau  differential  aeattaring  contributiona  to  tha 
croaa  aectiona  (Bahar  aad  Chakrabsurti  1985  j  Bahar  and  Fitavatar  I9B6).  Tha  above  full  veve  aolution 
represent*  a  weighted  sum  of  t ,0  cross  sections.  Th*  first,  On.  is  th*  modified  Mi*  solution.  Th*  degrsdatlon 
of  the  physical  cptica  contribution  ia  men-'  fee  ted  by  the  factor  |x|8  <  1  In  tha  integrand  of  Og,.  The 
degradation  of  tha  Physical  optics  contribution  due  to  tha  effect*  of  the  rough  aurfac*  la  necogpanied  by  an 
incrcas*  in  th*  diffuat  acattarlng  contribution.  Hot*,  however  that  tine*  in  tha  forward  direction  |y|a*  1, 
th*  aurfac*  roughneea  baa  practically  no  affaet  on  th*  ahadow  faming  forward  acattered  contribution  to  pgi. 


1W 


?hl*  tin  eorr**pea4*  to  krm  scattering  (•*  predicted  by  perturbation  theory)  for  8  «  1  (Me*  1931). 
When  8*0  Innth  iphere),  Og  reduces  to  tbo  Ml*  *o,\utlou,  and  tho  Integration  with  respect  to  tho  solid 
Rflglt  M  na  b*  porforaoi  analytically  (lahlaaru  1978). 

To  faoUltoto  tbo  oolutlon  of  Kq.  (1.1),  It  It  rewritten  u  follow*: 


CK  >r'c' 


In  fq,  (3.S)  0»o  it  th*  total  oroat  ttotlon  for  th*  anooth  particl*.  la  iq.  (3-3)  use  bat  hero  and*  of  tha 
"forward  aoatttf In*  thaorW  (aeklog  0*  proport noal  to  th*  forw*rd-*catt*r*d  flald)  aal  th*  fact  that  for 
larg*  particl**  (k^a  >  1)  th*  forward-scattered  eondow-fontiag  var*  1*  th*  aaata  for  all  avurfacaa  watch  haw* 
th*  um  shadow  lia*  (Mora*  and  Fashbach  1933)-  Tiua  tha  ratio  (dqo/oq)  la  tq.  (3-3)  la  approxlnattd  by 
th*  walu*  of  th*  ratio  for  p*rf*ctly  ceaduetlac  particle*  (dto/°t)F,C.  Therefore,  implicit  la  Bq.  (3.5) 
la  th*  approximation  that  for  ceaductlng  particl**  tha  abov*  ratio  (ralatad  to  th*  forverd-aoettered  flald 
intanaltia*  that  axtiacuiah  th*  ineidaat  flald*  la  th*  forward  direction)  do**  not  critically  dapaad  on 
tha  conductivity  of  th*  particl*.  "ha  expressions  for  Oq0  sad  (°to^P.C.  ar*  given  by  th*  corrtapordlas  Ml* 
solution*  (Iahlnaru  1978)  for  finitely  and  perfectly  conducting  *ph*rloal  particl** .  To  obtain  th*  valu* 
for  (<>q)p  c>  ua*  i*  aad#  of  tha  fae  that 

'Vf.C.  *  <°8:P.C.  (3‘6) 

whar*  (o*)p,Q,  i*  th*  aonaallaad  scattering  crooa  section  for  th*  parfactly  conduct lag  particl*  with  th* 
**h*  rough  surface  aa  tha  oa*  uadar  soaaidaratioa.  Thu*  (dcJp.c,  1*  glw*°  by  Sq.  (3-9)  for  th*  eorra- 
t ponding  parfactly  conducting  partial*  and  Sq.  (3. Si  la  evaluated  a*  follow*: 


-B/KL-a 


Bxaalne  gq.  (3.7'  for  two  lialtlag  caaaa  of  particular  intaraat.  Aa  th*  conductivity  of  th*  particl*  in- 
cr**a*a  *  Ag  and  A  •*  1.  Furthermore ,  aa  8  *  0  (aaall  roughntaa)  A2  *  1,  line*  (OjjJpc  *  (ot)pc  *  (°to)pC 
nod  A»Aj  ■  On/Oto-  A*  axpaotad,  th*  albedo  approach*!  'mity  for  highly  conducting  particle*  sad  approach** 
th*  corresponding  valu*  for  aaooth  particles  aa  8  *  n. 

It.  IUWCRATIVX  EXAMPLES 

For  th*  llluatratlv*  axaapl**  considered  in  thia  work,  th*  particl*  raadca  rough  surface  height  h 
(n*aaur*d  normal  to  th*  unperturbed  aurface)  1*  aasuaed  to  V>«  homogeneous  and'  isotronic  and  tho  unperturbed 
*  Ur  fee*  1*  aaawed  to  be  *ph«rlc*l  (2.1),  Thu*,  th*  rough  aurfac*  height  autocorrelation  function 
<h(f)h(P')>  i»  only  a  function  of  th*  di-cane*  rj  •  |P-P'|  *  (x|  ♦  *§)’  measured  along  th*  surfer*  of  th* 
(unp*rturb*d)  epherlcsl  particl*  of  redlu*  a.  It  la  alao  aaauaad  that  the  rough  aurfaco  correlation  dietenr* 
rc  (where  <hh’>  *  <h  >  exp(-l))  is  *aall*r  than  th*  clrcuBf*r*nc*  of  th*  particl*.  Th*  correlation  length  1* 
related  to  th*  meen  square  height  <h2>  end  th*  total  seen  square  alop*  <0®>  through  th*  expreesion 

r  “  2(<h2>/<02>)1*  (4.1) 

C  I 

The  rirface  height  apwetrel  denelty  function  Wtv^.v,)  is  th*  two  dlmenalonel  Fourier  trenafora  of  th* 
uurfuc*  height  autocorrelation  function  <hh'>.  Since  the  rough  surface  1*  assumed  to  be  hoaegeneous  and 
Isotropic  the  npeotrel  density  function  is  only  a  fur  ction  of 

yT  "  (vx  +  v*)1‘  (U'Z) 

Thua 

W(v*’T*)  *  ^  /^<hh>>*»p(lvx*1+lvi»d)dJtddi4 

■  f  /  <w‘,>Jo(Vd)ridrd  (U-3) 

in  vhleb  JQ(vjr , )  li  ord-r  fusetiun  of  tho  fliat  kind  and  vx  %nd  pro  cowporento  of  tho 

vector  v  *  kA(5*-n*)  in  tho  direction  cf  the  emit  vector*  end  tingent  to  -he  surface  of  th*  unperturbed 


*  kQin*-u  )  \n  the  direction  ct  the  out  vector*  and  n*  tangent 
In  view  of  the  Fourier  tranefom  relationship  between  <hh3>  and  V* 


v*  b(r  pV  ) 

<hh*>  *  / - r — *  axp(-iv  x  -iv  t,)dv  dv 

4  4  x  d  a  a  x  s 

*  ? 1  v1tt),o'¥M 

The  following  apecV-1  form  Is  assumed  ii  his  >c~k  for  the  surface  height  spectral  density  function 

V(vT)  -  &  [-i]8 

Thua  the  surfi.  e  height  autocorrelation  function  in 


or*  \e*  r® 

R(t)  -  U  *  T"  ♦  *  WJwi(c) 

+  ^  +  9J.'3^Ko(5) 


in  which  and  ar*  the  aodifiad  Bessel  functions  of  th*  second  kind  of  order  aero  and  one  respectively 
f  Uhl  —mt*  end  Stagun  1964)  S'.d  th*  dlaanslonl***  *rgua*nt  la 


12-? 


'  ’  Vd  i, 

The  dominant  roughness  Kilt  (wh ere  V(v_)  la  aeximua)  la  »_  «  v  and  W(v  )  »  C/188irv  . 
haUht  ta  o 

<h2»  ‘If  V(v_)dv_  »  C/810T* 
o 

aad  ttaa  total  naan  aquer#  slop*  la 

<02>  a  |  /  W(»t)t^  d»T  .  C/to\ 

Thu*  0 

rc  -  1.2®/*, 

Two  special  caaaa  are  considered  tn  detail  at  infrared  aad  optical  frequencies . 

Caaa  (a)  X  ■  10y  0  ■  5X  tf  •  1.5-18  (dissipative  dlalactrlc) 

Caaa  (b)  X  •  0.555m  0  *  10>  tf  *  -kO-118  (al uni nun,  Rhraaralcb  1905) 

Tha  caaa  vblch  includes  tha  affacta  of  particla  aiaa  distribution  baa  baas  considered  recently  for  vertical 
incidence  (8*“0)  'batter  aad  Fitswater  1986b).  For  caaa  (a)  (D*5X)  It  la  necessary  to  us*  a  Qeustlaa 
quadrature  foraul  of  order  80  to  dlacratlia  tba  angle  t  (Abramowita  aad  Stegun  196X)  aad  for  caaa  (b) 
v 0*101)  since  th  ffaraatlal  acattarlnc  croaa  aactlona  ara  vary  sharply  peaked  in  tba  foraard  direction 
it  la  accessary  a  uaa  a  Oauaalaa  quadrature  foraula  of  tba  order  38.  Tba  number  of  tame  needed  in  tba 
Fourier  aarlsa  expansions  for  tba  incoherent  specific  diffusa  intensities  depends  on  tba  angle  of  Incidence 
fll .  As  uaa  noted,  for  normal  incidence  all  tba  tana  of  tba  Fourier  series  except  n»0  eud  »*2  vanlab. 

For  cats  (a)  It  lo  nacaaaary  to  aooount  for  tba  tana  n“0,l,. .  .16  when  dials0  and  uban  01*30°  it  ia 
necessary  to  aooount  for  tb*  terns  ■“0,1,8. .  .81  to  obtain  tuo  aifnificent  figure  accuracy  for  tba  excitation 
aatrlx  F  (8.85). 

The  values  of  Ogp,  o5,  A^  and  As  together  uitb  tba  corresponding  values  for  tb*  albedo  A  and  the 
total  cross  (action  era  given  in  Table  X  na  functions  of  roughness  paraaatar  8  for  case  (b)  with 
<r|>  •  0.101.  The  corraspondlng  values  for  tb*  correlation  length  re(k®rf»8/<oJ>)  and  v*D  are  also  given 
lnth-i  table.  The  values  for  the  scattering  croaa  a  action  OgQ,  tb*  total  cross  section  ot-  and  tb*  elbado  A0 
ara  also  given  for  the  smooth  sphere  (8*0).  In  Fig.  3  o^,  o8e  aud  o>.  are  plotted  ea  functions  of  6  while 
the  albedo  A  end  the  total  cross  section  ot «r*  plotted  in  Fig.  X.  Sine*  )xr||  »1,  Co,  ot  and  A  decrease 
slightly  vlth  increasing  roughnaas  vhila  the  absorption  cross  section  ot  incraaaaa  slightly  with  Incraaalng 
roughness .  A*  .expected  which  includes  tba  specular  point  contribution,  decrease*  and  Coo  tha  diffusa 

acattaring  contribution  looms***  as  the  roughnasa  Increases.  Pot*  that  Ogi  and  Ogg  very  rapidly  for  snail 
values  of  8,  however  as  8  bacons*  very  large  they  both  approach  unity.  This  is  because  aa  f  incraaaaa  tb* 
specularly  reflected  contribution  vanish*!  and  whnt  la  left  la  0*^  la  noly  the  contribution  fro*  tb*  shadow 
fomlag,  forward  scattered  wav*.  Tha  specularly  reflected  power  by  the  anooth  sphere  (8*0)  essentially 
b. -cores  diffusely  aenttared  by  the  sphere  with  tb*  rough  aurfsee  for  8  1.  Thus  tb*  nonealiaed  scattering 

crc  section  <Jg  remains  npproxiantely  two  for  1  <  8  <  >0  in  egreenent  with  the  phene** non  referred  to  as 
th* Extinction  paradox"  (van  d*  Bulat  195T;  Iablaaru  1978) • 

In  Figure*  5  end  6  tba  diffuse  specific  intensities  Ii  and  la  nr*  plotted  as  function*  of  tb*  forward 
scatter  ingle  a(y-0,l60°)  for  a  right  circularly  polarised  infrared  axe i tat  1 0.1  (!"]  (8.88)  at  noranl 
incidence  :u’-l)  (cose  a).  Tb*  i pi  leal  thickness  of  tb*  layer  of  partlelea  1*  T°-l.  The  rough  surface  of 
the  partie.-s  is  given  by  t1*.;'  with  v^li A.  Thus  the  correlation  length  la  r.*C,101  WD.  The  roughness 
parameter  la  8*10,  corresponding  to  a  Man  square  slops  «J*>  ■  B/k*r$  ■  l/»*.  '."he  solid  curves  ere  the 
single  scatter  results  for  enowth  and  rough  spheres.  Thus  the  particle  eurfec*  roughness  tends  to  anooth 
out  the  Undulations  In  tb*  specific  intecjltlci  aa  8,  tb*  forward  scatter  anal*  Incraaaaa.  The  multiple 
scatter  results  for  tba  rough  and  smooth  spheres  are  given  by  tb*  symbols  (A)  end  (+)  respectively .  Thus, 
in  the  forward  scatter  direction  there  1-  -cry  little  difference  between  tha  mult.1  pi*  and  single  wetter 
results.  However,  away  from  the  forward  scatter  direction  tb*  specific  Intensities  for  tb*  rough  particle 
are  waller  than  the  corresponding  results  for  tb*  smooth  particle  because  the  albeloa  of  the  rough 
partlelea  are  • lightly  smeller.  Fote  that  which  corresponds  to  tb*  vertically  polarised  component  is 
nor*  oscillatory  than  Xg which  corresponds  to  tb*  borlxon tally  polar lied  component. 

In  Plgures  T  and  8  tb*  parallel  Ix  aad  perpendicular  Iv  diffuse  epeclfic  intensities  (8.39)  are  plotted 
as  function*  of  tha  aalmutb  angle  d  for  tb*  forvud  scatter' direction  d“15.3°.  Tb*  excitation  is  n  normally 
incident  linearly  polarised  wave,  [iJJ]  (tha  electric  field  it  la  tb*  X*  direction)  at  X>’0.555ixi  (case  b). 

Tba  optical  thickness  of  tb*  layer  is  To*0.1  Tha  rough  surface  of  the  particle  1*  given  hy  ( X.S)  with  v_B-l< 
(rc*0.101«D)  and  B*kO  (cojr-l/w8).  For  tb*  thin  layers,  tb*  alagl*  (solid  curve*)  end  multiple  scatter 
result*  for  Ix  are  cloae,  however  there  Is  a  significant  difference  between  tb*  results  for-  tb*  snoot h  and 
rough  sphere*.  Xu  Figure  8  the  sharp  nulla  ia  the  single  scatter  results  for  tb*  iwoth  particles  are  due 
to  tb*  fact  that  smooth  particle*  do  not  depolarise  tba  lac  Id sot  waves  In  tb*  scatter  plea*.  This  ia  not 
the  uaa*  for  tbs  rough  particles . 

In  Figure*  9  end  10  tb*  diffusa  specific  Intensities  I.  and  Jo  are  plotted  as  functions  of  the  forward 
scatter  angle  8  >  0(8“0)  and  8  <  C'AalBO0)  for  aa  obliquely  laoldeot  (8l«30°)  horliootelly  polarised  [.'$) , 
(8.28)  infrared  excitation*  (can*  a).  The  optical  thickness  or  the  layer  ia  tq«1.  The  rough  surface  of  tba 
particle  ia  glv-ii  by  (X.5)  with  vJ>“X  (re“0.101»0).  The  roughness  paraastsr  is  8«10  (<oJ>«l/x*) .  Pot* 
that  the  single  scatter  cross- polarised  results  (Ij)  is  sero  for  tb*  wochh  particle.  Bowevar,  ror  tba 
rough  particle  tb*  single  scatter  results  become  vary  snail  only  in  tb*  forward  scatter  direction  (8*30°). 

The  like-polarised  diffuse  specific  Intensities  are  insensitive  to  surface  roughness  In  tb*  direction  of  tb* 
fcnmrd  scattered  lobe.  Bowevar,  tb*  effects  of  surface  roughness  are  significant  away  fro*  tb*  forward 
scatter  direction. 

In  Figures  11  aad  18  tba  diffuse  epeclfic  intoaaitioe  Ij  aad  It  are  plotted  aa  functions  of  tb*  forward 
wattar  angle  8  >  0(4“Q)  aad  6<0  ( 8  *180°)  for  an  obliquely  incident  (81*05°)  vertically  polarised  [ij]  (8.88) 
excitation  at  A»0.555)b  (caw*  b).  The  optical  thickness  of  tb*  laryer  is  T0*l-  The  rough  surface  of  tb* 
particle  it  given  by  (b.5)  with  ej)“)i  (re*0,10iD).  The  roughness  paraastsr  is  S«X0  (<o*>«l/*2).  the  particla 


(X.T) 

Tb*  nean  square 

(V.8) 

(X.9) 

(X.10) 


surface  roughness  J  little  effect  oa  the  results  for  1^  sad  If  for  the  forward  ecetter  direct loo.  The 
•lrrle  cod  aultlpl*  ecetter  results  for  the  liks -polarised  intensity  Ij ,  ere  practically  the  use  le  the 
forv.t,;.  scatter  direction.  This  Is  act  so  for  the  croesefolarlsad  Intensity  Ig.  Rote  sleo  that  except  for 
the  irwnrd  scatter  direction  the  diffuse  specific  latensltlee  for  the  rtwgh  particles  are  Isotropic  aad 
the  degree  of  polarisation  is  very  Mall  aince  I*  «  lg.  Fv  rthsnsore ,  the  llke-polar lead  Intensity  Ij  la 
scalier  for  the  rough  particles  than  for  the  smooth  particles, while  the  cross -polarised  Intensity  tg  Is 
larger  for  the  rough  particles.  This  Is  because  the  rough  particles  depolarised  the  Incident  eaves  even 
in  the  scatter  plane  aad  the  albedos  to r  the  rough  particles  are  slightly  cnallsr  than  the  albedos  for 
the  snoot h  particles. 

In  Figures  13  aad  It  the  degree  of  polarisation  a  (2. hi)  la  plottad  as  a  function  of  the  aalatth 
angle  d.  The  excitation  at  X  »  O.5351*  (case  b)  is  nonelly  incident  and  linearly  polarised  (electric 
field  in  the  direction) .  The  oases  shove  are  for  the  forward  scatter  angles  I  «  15.3°  aad  3  *  20. St 
(Fig.  13)  and  the  backward  scatter  angles  t  a  170.3°  aad  I  ■  173.6°.  The  optical  thickness  of  the  layer 
is  TQa2.  The  particle  surface  roughness  Is  given  by  (h.S)  with  v^Oeh  (r„*0.101iO),  The  roughness  pareaeter 
is#*  ho  (<o®>  *  1/**).  The  corresponding  results  are  also  shown  for  the  snooth  particles.  The  effect  of 
the  particle  surface  roughness  bceoaea  Increasingly  pronounced  as  the  angle  between  the  Incident  aad 
scatter  directions  increases.  The  degree  of  polarisation  very  significantly  depends  upon  the  particle 
surface  roughness. 

in  Figures  13  aad  16,  the  backward  scattered  specific  Intensities  It  and  Xg  respectively  are  plot**-!  ... 
functions  of  the  scatter  angle  S,  The  excitation  at  1  •  0.5351*  (case  b)  is  normally  incident  aar  linearly 
polarised  (the  electric  field  is  in  the  (.direction).  The  optical  thickness  of  the  layer  is  T#*0.1 .  T?>* 
particle  surface  roughness  Is  given  by  (hv5)  with  v_D*h  (re*0.101  wit).  The  roughnsas  psrsaatsr  Is 
#*ho  (<oj>  *  l/*8).  In  Figure  13  the  results  are  glwea  la  the  4  *  0,1#0°  plans  (I.  Is  thnrsfnre  the 
vertically  polarised  diffuse  scattered  intensity).  In  Figure  16  the  results  are  given  in  the  d»90°,270° 
plans  (12  Is  therefore  the  horlsontally  polarised  diffuse  scattered  Intensity).  Since  To*0.1  the  single 
scatter  (solid  lines)  end  multiple  scatter  results  are  not  vary  different.  However,  the  particle  surface 
roughness  does  heve  e  significant  effect  oa  the  diffuse  specific  iateailtlee.  Rote  also  that  for  the 
snooth  particles  tho  vertically  polarised  diffuse  specific  Intensity  (Figure  15)  is  far  mors  oscillatory 
than  the  corresponding  horlsontally  polarised  diffusa  specific  intensity.  This  results  directly  fraa  the  (Us 
solution  for  large  conducting  spheres.  The  very  pronounced  hackacatter  saheaeaaant  hat  been  observed  In 
the  laboratory.  The  phsnonsnon  of  beokaeatter  enhaaceneat  that  la  prelected  In  this  work  Is  related  to 
the  affects  of  the  roughness  of  the  particle  and/or  to  the  scatter  froa  aoderatc  to  largo  particles. 

The  nisserlcal  result*  presented  in  Figures  15  and  16  are  obtained  froa  the  solution  of  the  modified 
equation  of  radiative  transfer  (2.2). 

5.  COHCLUDIHO  RMARK8 

The  illustrative  exeaples  presented  In  Section  A  vividly  detcrlbe  the  effecte  of  particle  surface 
roughness  on  the  oo-pclerlsed  and  croaa-polerlsed  incoherent  specific  intensities  for  optical  end  infrared 
electraaagnetie  excitations  at  noraal  and  oblique  incidences. 

It  Is  shown  that  as  the  surface  roughness  increases,  the  specularly  reflected  contribution  to  the 
normalised  scattering  cross  section  o-  decreases  while  the  diffuse  scattering  term  undergoes  a  corresponding 
increase.  However,  the  contribution  to  the  scattering  cross  section  free)  the  shadow  foneing  wavs  la  practi¬ 
cally  unaffected  by  the  particle  surface  roughness .  These  results  are  ahem  to  b*  consistent  with  the  phenoa- 
asn  referred  to  si  the  "extinction  paradox!1  The  albedo  A,  the  scattering  (.rose  section  on  as  wall  as  the  total 
cross  section  Ot,  undergo  e  email  but  significant  decrease  si  the  roughnsas  pareaeter  B  increases. 

Tha  corresponding  effects  of  surface  roughness  on  the  scattering  and  total  cross  section  Og  and  ot 
respectively  at  Infrared  frequencies  as  well  as  the  effects  of  chaagiug  the  aean  square  elope  <o*>  of 
the  rough  surface  (while  the  correlation  length  r„  le  fixed)  have  also  bean  reported  recently  (Bober  at 

el.  1966). 

since  the  diffuse  scattering  contributions  due  to  particle  eurfaca  roughness  are  negligible  In  the 
near  forward  direction,  the  primary  affect  of  the  surface  roughness  le  to  smooth  out  tha  aide  lob* 
undulations  of  the  specific  intensities  for  the  corresponding  snooth  particles.  Furthermore,  the  particles 
with  rough  surfaces  sore  strongly  depolnrlae  the  Incident  wars.  Thus,  since  the  albedos  are  amller  for 
the  particles  with  rough  surfaces  than  for  the  smooth  particles,  the  oo-polarlied  specific  Intensities  are 
aaallar  for  the  rough  particles  while  the  'ross-poleriisd  specific  Intensities  are  mailer  for  the  smooth 
particles  *sn  tbs  optical  thickness  of  the  layer  of  particles  Is  saalli  Tg<  l.  However,  as  the  optical 
thickness  of  the  layer  Increases  (t0  >  l)  both  the  co-polarlaed  aad  cross-polarised  specific  Intensities 
ara  smaller  for  the  particles  with  rough  surfaces. 

In  general  as  the  optical  thickness  Increases  sad  multiple  scattering  effects  become  significant,  tha 
layer  consisting  of  particles  with  rough  turfscss  tend  to  scatter  the  incident  waves  in  n  mors  Isotropic 
■saner.  It*  sharp  undulations  la  the  specific  latensltlee  are  smoothed  out  end  the  results  become  more 
polarisation  independent .  Thus,  the  degree  of  polarisation  for  the  particles  with  rough  surfaces  le  signifi¬ 
cantly  smaller  than  for  the  smooth  particles.  When  the  layers  of  particles  with  rough  surfaces  are  optically 
thin,  tbs  first  order  single  scatter  results  and  the  multiple  ecetter  recults  for  the  co-polsrised  and 
cross-polarised  Intensity  ere  la  vary  good  agreement. 

The  phenomenon  of  eahrnced  hackacatter  froa  particles  with  smooth  sod  rough  surfaces  has  base  observed 
la  the  numerical  results  obtained  from  the  solution  of  the  (modified  equation  of  radiative  transfer. 
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A«PBDIX  A 

Aaaua*  that  an  a,  directed  electric  field,  propagating  in  tie  -I  direction  i»  incident  upon  the  ephere 
with  rough  eur faces .  For  an  obaerrer  in  the  direction  Bf(«.d).  the  vertically  aad  horiaoatally  incident 
field*  for  the  aentter  plane  normal  to  B1  x  Bf  are,  reapectlvaly 


np(-lkor) 


*1  (A.l ' 

X*  »  »X_  elad  /«,ai 

Thu*  using  equation  (8.8)  r  *  ' 

n  ,  n  q  **p(-ik  r) 

**  *  (4  *x  °°*  -  4  *x  •la*)  - -—2 -  (A. 3) 

n  , _n  n  exp(-ik  r) 

^  "  <4  *,  «"♦  -  4  *x  - T-^—  (A*k) 

4  tRe  <Uffu»e  acattering  coefficient*  in  the  scatter  plan*.  The  dlffu**  scattering  contribution 
due  to  the  surface  roughnea*  la 


her*  \W  +  l<i*l 


Thu*  for  normalised  incident  fields 


thus  equation  (A. 6)  reduces  to 


J* eoe2ddd  »  J* *in%dp  •  e 

o  0 


/  aind  coaddd  «  0 


°.a  ■  /  (l4l*+  I4|2t  l4l*  ♦  l4|2).in9dS  (A. 

Tht /  •r*n***l •c**t%riB€cr©««  ••ctloos  p*r  unit  tolid  tagl*  p#r  unit  cross  ■•ctiooal  *r««  art  defined 

m  (Bfthtr  aad  ntmtor,  1966*) 

Therefore  the  total  diffuse  eoattorlng  cross  sections  (per  unit  cross  sectional  area)  are 
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Fig.  3.  Scattering  cross 
sections  o^,  0gg  and  0, 
versus  the  roughness  parameter 
0  (Table  I),  case  (b). 


Fig.  It.  Extinction  cross 
sections  0t  and  albedo  A 
versus  the  roughness  parameter 
B  (Table  I),  case  (b). 
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Fig.  5.  Specific  incoherent  intensity  1. 
for  a  right  circular iy  polarised  vave,  A 
normal  incidence,  case  (a),  B*10 , VgD^U , 
T0«l,  ♦*0°,l80®.  First  order  ( — ),  smooth 
and  rough  particles.  Multiple  scatter  (+) 
smooth,  (A)  rough. 


Fig.  6.  Specific  incoherent  intensity  Ip 
for  a  right  circularly  polarised  vave, 
nornnl  incidence,  case  (a),  0*10 ,vmD*U , 
T0*l,  $*0°,l80°.  First  order  ( — ),  smooth 
and  rough  particles.  Multiple  scatter  (+) 
smooth,  (A)  rough. 


Fig.  7.  Specific  incoherent  intensity  Ix 
for  a  linearly  polarised  vave,  normal 
incidence,  case  (h),  0»ltO ,vJ3»lt ,  T0«.l, 
0*15.3°.  First  order  ( — ),  smooth  and 
rough  particles.  Multiple  scatter  (X) 
smooth,  (X}  rough. 
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Kg.  B.  Bpwcifi :  incunersnt  intensity  Iy 
for  e  linearly  polorited  w.-e,  nor»ol 
incidence,  out  (b>,  B*V0,v>^»  to**1* 
0-15,30.  Plrft  order  ( — ) ,  smooth  and 
rough  pnrtieler, .  Multiple  eeette*  (I) 
onooth,  (7.)  rough. 


Pig.  9.  Specific  incoherent  intensity  1^ 
for  e  horisontelly  polariaed  weve,  obliquely 
incident,  0i»3O°,  cnee  (»),  B-10,tJ)-I»,  t0«l. 
$-0° ,l8o° ■  Piret  order  ( — ),  rough  perticleo 
Multiple  scatter  (+)  smooth,  (A)  rough. 


Pig.  10.  Specific  incoherent  intensity  Xg 
for  a  horizontally  polarised  vmre ,  obliquely 
incident,  0'*30'-',  case  (a),  S-lO.vJO-U,  r0-_. 
9*0°,l6o°.  First  order  ( — ),  umooth  and  rouflh 
particles.  Multiple  scatter  (+>  smooth, 

(A)  rough. 


FI*.  11.  Specific  incoherent  intensity  Ij. 
for  e  eerttoally  pc.lerif.ed  ware,  obliquely 
incidents  0i«150,  Ht«  (b), 
t0*1,  4^0,1800.  First  order  ( — ),  eaooth 
end  rough  particles.  Multiple  ecetter  (♦) 
smooth,  (A)  rou*h. 


Fig.  12.  Specific  incoherent  intensity  Ij 
for  e  verticelly  polarised  were,  obliquely 
incident,  ei-15°,  case  (b),  B“ltO,vnT«C, 
T0*l,  t"°°  .180°.  First  order  (— ),  rough 
particles.  Multiple  scatter  (+)  smooth, 

(A)  rough. 


Fig.  13.  Degree  of 
polarisation  a. 

Komal  incidence, 
linearly  polarized 
wave,  case  (b),  8-tO, 
t0»2.8-15.3° 
(+/  smooth,  (X)  rough; 
©■20 . 8° ,  (0)  smooth, 
(A)  rough. 
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SUMMARY 

Tha  moat  familiar  daacriptor  of  multi-acala  atructura  in  continuous  scattaring  madia 
is  tha  power  law  spactrum  which  charactarisas  hairarchical  or  fractal  bahaviour.  In  this 
papar  tha  mathamatical  and  phanouanological  implications  of  adopting  such  modals  in 
scattering  calculations  will  ba  discussed  with  particular  refaranca  to  tha  statistical 
properties  of  saplitude  scintillation  generated  by  a  phase  changing  screen  or  diffuser.  A 
brief  summary  of  results  obtained  whan  the  phase  itself  is  a  Oauasian  random  fractal  will 
toe  followed  toy  a  more  detailed  review  of  tha  case  whan  tha  phase  gradient  is  fractal. 

This  last  modal  is  not  only  mors  realistic  for  fluid  systems  subject  to  diffusive  or  other 
smoothing  affects,  but  is  also  amenable  to  mathematical  and  numerical  analysis.  The 
geometrical  optics  contribution  to  the  scattered  intensity  pattern  is  particularly  easy  to 
calculate  and  a  number  of  new  results  for  the  statistics  of  ray  density  fluctuations  will 
ba  presented. 


1  INTRODUCTION 

The  subject  matter  of  this  paper  forms  part  of  a  larger  programme  of  work  to  investi¬ 
gate  tha  non-Gaussian  fluctuations  of  scattered  waves  which  arise  whan  tha  scattering 
region  contributing  at  tha  detector  is  comparable  to,  or  smaller  than,  the  largest  scale 
aise  present  in  the  scattering  medium.  This  programme  began  in  the  mid-seventies  with  an 
experimental  and  theoretical  investigation  of  tha  far  field  scintillation  of  laser  light 
scattered  by  small  areas  of  turbulantly  convecting  liquid  crystal  [1,2].  The  realisation 
that  this  system  behaved  as  a  random  phase  changing  screen  enabled  early  theoretical 
results  and  developing  phenomenology  to  be  applied  more  widely  to  the  scattering  of 
electromagnetic  radiation  and  scalar  waves  by  rough  surfaces,  thin  diffusing  layers  and 
extended  xkdia  containing  refractive  index  fluctuations.  Probably  the  most  important 
devalopoMnt  from  this  early  work  has  been  that  of  a  non-Oaussian  noise  model  based  on  the 
class  of  K-distributions  [3].  Although  originally  justified  by  semi-empirical  arguments 
based  on  a  random  walk  model  for  the  scattering,  together  with  requirements  of  math¬ 
amatical  simplicity  and  data  fitting,  tha  K-distribution  model  has  been  surprisingly 
successful  not  only  in  the  original  context  of  microwave  sea  echo  [3,4],  but  also  in 
characterising  microwave  land  clutter  [S],  Optical  atmospheric  propagation  affects  [6,7], 
optical  scattering  by  thermal  plumes  and  mixing  layers  [8,9]  and  aven  underwater  acoustic 
propagation  effects  [10].  It  has  been  conjectured  [11]  that  this  is  a  consequence  of  the 
multiple  scales  present  in  the  scattering  systems.  Which  leads  to  modulation  of  the 
smaller  scales  by  larger  ones.  The  inclusion  of  step  number  fluctuations  in  a  random  walk 
sedel  for  the  scattering  can  be  used  to  take  account  of  the  consequent  variations  in 
scatter  density.  It  is  found  [11,12]  that  a  negative  binomial  distribution  of  step  number 
(corresponding  to  a  gamma  distributed  scatterer  density)  is  required  to  generate 
K-distributed  noise.  Which  can  than  be  interpreted  as  a  combination  of  interference 
effects  and  underlying  density  fluctuations  ie  as  a  Gaussian  speckle  pattern  with  locally 
varying  mean. 

Although  tha  above  arguments  provide  a  plausible  mechanism  leading  to  K-distributed 
noise,  they  do  not  explain  why  the  modal  should  be  widely  applicable,  because  a  specific 
modal  has  had  to  ba  adopted  for  tha  underlying  scatterer  density  variations.  Nhereas  the 
speckle  or  interference  contribution  to  tha  scattered  wave  statistics,  being  a  consequence 
of  the  central  limit  theorem,  is  expected  to  be  a  widely  observed  effect,  it  is  more 
difficult  to  explain  the  common  occurrence  of  gamma  distributed  scatterer  density  fluctua¬ 
tions.  Some  progress  has  been  made  in  this  direction,  however,  by  recognising  that 
universal  behaviour  may  follow  not  only  as  a  consequence  of  large  number  limits,  but  also 
as  a  manifestation  of  the  widespread  occurrence  in  nature  of  heirarchical  systems,  ranging 
from  phase  transitions  and  critical  phenomena  at  the  microscopic  level  to  turbulence  and 
to  land  and  sea  surfaaes  on  a  geophysical  scale  [13].  The  work  to  be  described  in  this 
paper  began  with  an  investigation  of  the  simplest  class  of  heirarchical  scattering 
systems  -  the  Gaussian  random  fractal  phase  screens  -  which  was  undertaken  in  the  hope 
that  properties  of  the  -scattered  wave  would  confirm  the  significance  of  the  K-distribution 
model.  One  configuration  has  indeed  been  shown  to  lead  to  K-distributed  intensity 
fluctuations,  [14],  but  the  investigation  has  in  addition,  and  perhaps  mors  importantly, 
shed  new  light  on  the  physical  significance  of  power  law  spectral  modals  and  on  the 
Mthematical  implications  of  employing  them  in  scattering  calculations  [15].  It  has  also 
revealed  a  class  of  scattering  models  which  cause  geometrical  optics  effects  without 
singularities  such  as  caustics.  The  principal  part  of  this  paper  will  be  concerned  with 
these  "fractal  slope"  phase  screen  models  [16]  Which  generate  ray  density  statistics  that 
are  finite  and  amenable  to  mathematical  analysis.  Their  properties  are  also  relatively 
simple  to  simulate  numerically  (a  feature  Which  will  be  demonstrated  in  the  companion 
paper  [17])  and  appear  to  be  in  agreement  with  some  experimental  data  [18,19]. 
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In  till  next  •action  scattering  by  a  Gaussian  random  phase  tcraan  which  introduces  a 
fractal  distortion  into  an  incident  wave  will  be  discueeed.  Section  3  will  Introduce  the 
notion  of  fractal  slope  models  and  show  how  such  behaviour  can  follow  from  the  inner  scale 
smoothing  of  a  fractal.  Existing  theory  will  be  reviewed  briefly,  with  most  recent 
results  on  ray  density  statistics  being  discussed  in  section  4.  A  summary  and  conclusions 
will  be  presented  in  the  final  section  S. 


2  SCATTERING  BY  A  GAUSSIAN  RANDOM  FRACTAL  PHASE  SCREEN 

The  statistical  properties  of  waves  which  have  been  scattered  by  a  random  phase 
changing  screen  are  given  in  a  physical  optics  approximation  by  the  Huyghens-Freenel 
diffraction  integral  at  the  detection  point  r  [20] . 


e(r)  -  F(9 )’/  d2r'A<r')  expClkr • 2/2»-ik.r *  sin  9  +  i4(r')3-  (1) 


Here  r'  is  measured  in  the  plana  of  the  phase  screen,  s  is  the  screen-detection  plane 
distance,  9  is  the  angle  between  the  propagation  and  viewing  directions,  4  is  the  phase 
distortion  introduced  by  the  safest:,  k  «  2ff/X  is  the  wave  vector,  A  an  aperture  function 
and  F  an  angle-dependent  factor.  If  the  phase  screen  is  placed  at  the  waist  of  a  laser 
beam  then 

A(jc')  -  exp(-r' 2/W2)  <2> 

Assuming  relation  (2)  often  simplifies  the  calculations.  Two  scattering  geometries  are 
normally  examinedi  (1)  the  far  field  or  Fraunhofer  limit  where  kW2/2x  <<  1  and  (2)  the 
Fresnel  limit  kw2/2s  >>  1.  In  the  far  field  it  is  well  known  that  When  W  »  50,  where 
to  is  the  largest  scale  also  of  the  phase  fluctuations,  then  the  scattered  field  is  a 
complex  Gaussian  process  so  the  intensity,  I  -  |e|2,  forms  a  'speckle"  pattern  with 
distribution 


P<D  "  <I>  ,XP  ("  <17^  (3) 


<TM> 

and  moments  — -  nl  (4) 

<I> 

When  N  is  comparable  to  or  smaller  than  £0  the  statistics  are  non-Gauasian  and  the 
normalised  moments  exceed  the  values  given  by  equation  (4).  It  is  simplest  to  evaluate 
the  Prasnel  limit  by  setting  A(r ' )  s  1.  For  sufficiently  large  propagation  distances, 
such  that  an  area  of  the  screen~which  is  much  larger  than  t0  contributes  at  the 
detector,  the  field  is  again  a  complex  Gaussian  process,  but  close  to  the  phase  screen 
geometrical  and/or  diffraction  effects  limit  the  area  contributing  and  again  non-Gaussian 
statistics  are  observed.  It  is  these  non-Gaussian  regimes  with  which  this  paper  is 
concerned . 

A  measure  of  the  information  content  of  the  intensity  fluctuations  is  provided  by 
their  statistical  properties.  In  the  Fraunhofer  region  these  depend  on  the  illuminated 
area  and  scattering  angle  9 .  In  the  Fresnel  region  they  are  a  function  of  propagation 
distance.  In  order  to  calculate  the  statistical  properties  of  the  intensity  from 
equation  (1)  a  model  has  to  be  assumed  for  the  properties  of  4.  This  is  usually  chosen  to 
be  a  Gaussian  process  so  that  only  the  spectrum  or  its  Fourier  transform  -  the  phase  auto¬ 
correlation  function  -  remains  to  be  specified.  When  the  latter  possesses  an  even  powered 
expansion  about  the  origin,  the  phase  model  is  said  to  be  "smoothly  varying*  since  the 
phase  function  is  then  differentiable  to  all  orders.  It  is  now  well-known  that  non- 
Gauasian  scattering  by  such  models  is  dominated  by  the  presence  of  geometrical  optics 
features  such  as  caustics  in  the  intensity  pattern  [21-23].  In  the  Fresnel  region  the 
second  normalised  intensity  moment  increases  from  unity  at  the  screen,  where  there  a.  e 
only  phase  fluctuations,  to  a  peak  in  the  focussing  region,  where  lens  like  regions  of  the 
screen  generate  single  caustics,  and  then  decreases  slowly  with  increasing  propagation 
distance  to  a  value  of  two,  where  the  overlap  of  effects  generated  by  independent  regions 
of  the  screen  cause  convergence  to  Gaussian  speckle  statistics  given  by  equation  (4).  In 
the  far  field  a  similar  shaped  curve  is  obtained  when  the  second  normalised  intensity 
moment  ia  plotted  against  illuminated  area.  In  this  case  however,  the  geometrical 
features  in  tha  pattern  are  masked  at  small  values  of  the  illuminated  area  by  aperture 
diffraction.  As  the  illuminated  area  is  increased,  geometrical  features  of  the  pattern 
emerge  and  its  contrast  again  peaks  as  single  caustics  fall  on  the  detector.  Thereafter 
the  fluctuations  subside  to  Gaussian  speckle  as  thi  aperture  begins  to  include  many 
independent  scattering  elements.  Experimental  measurements  on  a  number  of  different 
scattering  systems  have  confirmed  the  behaviour  uascribed  above  [24] . 

In  the  case  of  fractal  models  the  phase  is  not  stationary  -»nd  the  structure  function 
is  a  more  convenient  measure  of  coherence  than  the  phase  autocorrelation  function,  it  is 
useful  to  write  the  pha*,.  distortion  in  terms  of  a  notional  height  4(r)  -  kh(r)  with 
structure  function 


D(r) 


<(h(0)  -  h(r))2> 


(5) 
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For  *  simple  corrugated  fractal  diffuser 

D{»)  -  | *| V  La“V  with  0  <  u  <  *  (6) 

where  the  "topotheay*  Lie  a  meaeure  of  the  average  rate  of  change  of  height  [25]  and  v  ia 
related  to  a  fractal  ’dimension*  D  by  v  ■  2(2-D)  [2#].  Note  that  (6)  poaaeaaea  a  certain 
acale  invariance  eince  the  relation  remains  unchanged  if  a  ia  Multiplied  by  a  factor  i  and 
h  by  a  factor  This  shews  that  h  ia  ’sslf-affine*  under  Magnification.  Phaae  screen 

Models  of  thia  type  have  been  investigated  by  a  number  of  authore  over  the  years 
[20(26-35]  following  the  pioneering  work  on  propagation  through  turbulent  Media  by 
Tataraki  [36].  However,  it  was  not  until  the. concepts  of  fractal  geoawtry  [37]  were 
brought  to  bear  on  the  problem  [26]  that  its  physical  interpretation  and  mathematical 
implications  were  fully  clarified.  Analytical  work  and  numerical  calculations  have  shown 
that  the  model  generates  only  weak  non-Oauasian  affects  by  comparison  with  the  class  of 
smoothly  varying  screens  [15j,  both  in  rreanel  region  and  far  field  scattering  geometries. 
This  is  now  attributed  to  the  absence  of  geometrical  optica  effects  in  patterns  generated 
by  fractal- diffusers  which  follows  from  the  fact  that  a  profile  governed  by  the  structure 
function  (6)  is  continuous  but  not  differentiable  and  cannot  therefore  give  rise  to  rays. 
Experiments  on  artificially  constructed  fractal  surfaces  have  confirmed  both  the  predic¬ 
tions  of  theory  and  their  interpretation  [36,39].  The  observed  non- Qauesian  intensity 
patterns  are  qualitatively  different  from  those  generated  by  smoothly  varying  diffusers 
[40,24]  and  are  characterised  by  combinations  of  powers  of  the  parameters  k,  L  and  either 
W  or  s  reflecting  the  self-affine  geometry  of  the  scatterer. 


Because  the  non-Gaussian  intansity  fluctuations  generated  by  fractal  phaae  screens 
are  relatively  weak  they  are  perhaps  a  lass  useful  source  of  information  than  their 
smoothly  varying  counterparts.  They  also  provide  a  leas  serious  limitation  on  system 
performance  and  a  more  detailed  analysis  of  their  properties  will  therefore  not  be  given 
here.  It  is  worth  noting,  however,  that  the  distribution  of  mean  intensity  as  a  function 
of  angle  in  the  far  field  is  a  sensitive  signature  of  thia  kind  of  scatterer  enabling  the 
model  parameters  v  and  L  to  be  determined  unambiguously  from  simple  scattering 
measurements.  It  is  found  that  <I(6)>  is  a  ’stable*  distribution  of  argument  sin  6t 


<I(6)> 


1 

Pv([kL] 


sin  6) 


where 


pv(x)  exp(isx)  dx 


exp(-Atv) 


(7a) 


The  tail  of  the  distribution  (7a)  falls  off  like  ainv  6  beyond  (kL)1-  ^  sin  6  ~  1  and  a 
log-log  plot  against  sin  6  can  therefore  be  used,  in  principle,  to  determine  v  and  L  from 
experiments  independent  of  the  absolute  magnitude  of  the  scattered  wave  amplitude  [38,41]. 
for  a  smoothly  varying  surface  which  is  rough  compared  to  the  incident  wavelength 

<X(e)>  «  Pm(sin  6)  (7b) 

and  only  information  regarding  the  slope  distribution  Pn,  can  be  obtained  from  measure¬ 
ments  of  the  distribution  of  intansity  in  this  case.  The  fact  that  a  power  law  decay  of 
the  distribution  of  intensity  with  angle  is  inconsistent  with  a  geometrical  optics  inter¬ 
pretation  of  the  scattering  process  leading  to  equation  (7b)  was  noted  twenty  years  ago 
[42]. 


>  PHASE  SCREENS  INTRODUCING  DISTORTIONS  WITH  FRACTAL  SLOPE 

The  fractal  height  model  (6)  is  not  only  somewhat  uninteresting  by  virtue  of  its 
ability  to  generate  only  weak  intensity  fluctuations,  but  is  also  unrealistic  in  several 
'aspects.  Although  fractal  behaviour  is  commonly  observed  in  nature,  it  invariably 
extends  over  only  a  limited  range  of  scale  sixes.  The  raw  power  law  behaviour  defined  by 
equation  (6)  therefore  needs  to  be  modified  to  include  high  and  low  frequency  spectral 
cut-offs  and  perhaps  additional  regions  of  different  power  law  behaviour.  The  effect  of 
an  outer  scale  or  low  frequency  cut-off  is  well  understood.  It  ensures  that  regions  of 
the  phase  screen  separated  by  more  than  the  outer  scale  contribute  independently  to  the 
scattered  field  at  the  detector  and  hence  leads  to  Gaussian  speckle  in  the  appropriate 
scattering  geometries.  Howeve,.,  calculations  show  that  it  does,  not  significantly  modify 
the  predictions  obtained  using  medal  (6)  provided  the  height  fluctuations,  h,  introduced 
by  outer-scale  sised  inhomogeneitias  exceed  the  wavelength  of  the  incident  radiation  [20]. 
This  ’strong  scattering*  requirement  must  be  satisfied  in  ar.y  case  to  obtain  significant 
fluctuations . 

The  effect  of  an  inner  scale  or  high  frequency  cut-off  is  to  produce  a  more  smoothly 
varying  behaviour  at  smaller  length  scales  which  can  be  revealed  by  magnification  or 
equivalently  by  scattering  incident  waves  of  sufficiently  short  wavelength.  In  the  simple 
forward  scattering  geometries  governed  by  equation  (1)  this  kind  of  modification  of  model 
(6)  will  be  important  when  inner  seals  sised  inhomogeneities  introduce  height  fluctuations 
of  the  order  of  a  wavelength  or  more.  Inner  scale  smoothing  is  an  important  consideration 
in  the  propagation  of  light  through  the  turbulantly  mixing  atmosphere  and  other  similar 
systems.  It  is  normally  assumed  for  thasa  systems  (and  indeed  there  is  supporting  experi¬ 
mental  evidence,  for  example  reference  [43])  that  the  spectrum  of  refractive  index 
fluctuations  closely  follows  the  Kolmogorov  spectrum  of  turbulence  which,  in  the  present 


uootaxt,  leads  to  v  ■  5/1  In  equation  («) .  However,  both  detailed  light  scattering 
experiments,  in  which  vary  large  intensity  fluctuation*  hava  boan  measured,  and  alao 
obaarvationa  with  tha  nakad  aya  of  whit*  light  “twinkling*  phenomena,  indieata  that 
gataatrical  optica  af facta  dua  to  refractive  a oattaring  ara  pre-eminent.  This  eaata  doubt 
an  tha  relevance  of  tha  fractal  height  nodal.  At  tha  same  tin*  aaparinantal  measurements 
anggaat  that  a  single  acala  anoothly  varying  nodal  ia  alao  inadequate  [*3  and  that  some 
nulti-acala  element  must  be  included  in  order  to  predict  tha  observed  phanoaana. 

It  ia  therefor*  interesting  to  investigate  a  scattering  modal  which  la  both  nulti- 
acala  and  capable  of  generating  geometrical  optica  affects.  Tha  simplest  one  ia  a 
corrugated  Oausalan  random  phase  seraan  which  Introduces  a  distortion  h(a)  whose  slaps  la 
a  fraetal.  Models  of  thia  kind  wars  first  investigated  in  detail  by  kino  [44,451  in  the 
oontaxt  of  ionoapharlc  scintillation  and  correspond  to  an  invaraa  power  law  apactruai  with 
index  in  tha  range  three  to  five,  in  tha  preaent  contest  it  is  instructive  to  ahem  how 
such  behaviour  can,  in  principle,  result  from  tha  smoothing  or  a  fractal  by,  for  example, 
thermal  diffusion  or  surface  tension  af facta.  It  ia  sufficient  for  preaent  purposes  to 
adopt  a  simpl*  "top  hat*  integration  modal i 

x+Jt/3 

H(r)  •  l  f  h(s' )  d*'  (8) 


Where  h  ia  fractal  with  structure  function  (<). 


av.  dently  H(x)  ia  ones  differ*  intitbla  so  that  tha  r 
function  8{x)  ■  < (N(O)-M(x) )*  where  M(x)  -  dH/dx, 
function,  D(x)  -  <(H(0)-H(x) )  '>,  namely 


Although  h  is  not  diffarantlabla, 
i  relationship  batwaan  tha  alopa  structure 
is,  and  tha  smoothed  height  structure 


can  be  used  to  derive  tha  result 


B(s)  -  Aj  {jD(X)  +  3D(x)  -  D(x+X)  -  D(x-X)} 
where  D(x)  ia  given  by  aquation  (6).  Thu* 

S(.|  -  |,|*(^p)[<  ••■]  *«« 

-  4r  <r  •-] 

whilst  for  tha  special  ‘Brownian*  casa  v  >.  1  (9)  raducaa  exactly  to 


S(x)  -  |  x  | 


for  x  ^  X 


-  3  j  for  x  >  x  . 

Tha  alopa  structura  function  (9)  ia  plotted  in  figure  1  for  various  values  cf  v  lying 
batwaan  saro  and  two.  Tha  curvaa  ahow  that  tha  slop*,  M,  exhibits  fractal  behaviour  of 
the  form  (10a)  for  sufficiently  small  arguments  but  that  smoothing  has  introduced  a  scale 
sis*  X  beyond  Which  N  is  either  totally  dacorralatad  (v  ■  1,  equation  (11))  or  dacorrel- 
atas  according  to  ar.  inverse  power  law  (aquation  10b).  Tha  implications  of  this  low 
frequency  spectral  truncation  will  b#  considered  later;  for  tha  present  tha  unmodified 
fractal  slope  or  *aub  fractal*  modal 

S(x)  -  |«|V/LV  0  <  v  <  3  (13) 

will  be  adopted.  Note  that  L  has  bean  redefined  hare  in  line  with  previous  publications 
[143  and  that  tha  value  of  v  In  equation  (13)  ia  only  tha  earns  as  that  for  tha  unsmoothed 
quantity,  h,  in  the  case  of  tha  cop  hat  smoothing  (8). 

It  is  inappropriate  hare  to  review  aarliar  results  obtained  using  tha  sub-fractal 
modal  (12)  in  great  detail  and  only  tha  more  significant  features  of  this  kind  of  scatter¬ 
ing  system  will  ba  mentioned.  These  derive  from  the  ability  of  the  sub-fractal  diffusar 
to  ganarata  highly  correlated  ray  affects  without  geometrical  singularities  such  as 
caustics.  Aa  a  direct  consequence,  tha  fluctuations  of  intensity  in  the  Fresnel  region 
fail  to  saturate  at  tha  Gaussian  speckle  value  at  large  distances  [45,14].  In  fact  it  has 
been  shown  C14]  that  for  plane  wav*  i.Uumiuation  of  an  infinite  corrugated  sub-fractal 
diffuser 


X—  <I>* 


4 

5=v 


(13) 


Xn  this  asymptotic  mtM  ths  expected  interference  pktmxwM  tn  modulated  by  underlying 
aamtrlwl  optic*  affect*  which  persist  beceu**  the  direetione  of  ray*  leaving  the  phnss 
•ereen  are  correlated  from  whatever  distance  they  are  viewed  (in  the  absence  of  an  outer 
scale) .  According  to  equation  (13)  very  large  fluctuation*  in  intensity  will  be  generated 
near  V  *  2  unlike  the  week  non-Oaussian  effects  generated  by  the  fractal  height  nodal  (6). 
Xn  the  ease  V  ■  1  the  asymptotic  distribution  is  a  newbar  of  the  K-dletribution  class 
tUJ 

p(X)  -  2Ke(2/l)  (14) 

and  the  underlying  ray  density  defined  by  the  formula 

m 

k(y.s)  m  if  «<“<*>  "  **  CIS) 

is  a  gamma  variate 

p(R)  ”  exp(-R)  (16) 

Investigation  of  the  moments  of  k  show  that  this  quantity  is  approximately  gaa**a  distribu¬ 
ted  for  a  range  of  values  of  v  [14],  Thus  the  aub-fracttl  phase  screen  scattering  nodal 
not  only  generates  intensity  fluctuations  in  the  asymptotic  regime  by  the  nechenisn 
suggested  (see  section  1)  for  R-distributed  noise,  but  the  heirarchical  nature  of  the 
acatterer  is  seen  to  be  responsible  for  the  underlying  process  being  approximately  gamma 
distributed . 

The  spatial  coherence  properties  of  the  intensity  pattern  in  the  asymptotic  Fresnel 
region  also  separate  into  terms  associated  with  interference  and  term*  associated  with  ray 
denaity  fluctuations.  The  former  ate  characterise!  by  a  scale  sise  which  decreases  with 
distance  whilst  the  latter  are  characterised  by  a  scale  aiae  which  increases  non-linearly 
with  distance.  This  behaviour  may  be  contrasted  with  that  associated  with  a  smoothly 
varying  single  scale  diffuser,  for  which  the  interference  scale  is  independent  of  propaga¬ 
tion  distance  and  the  geometrical  opticc  scale  increesea  linearly  with  diatancs  [20]. 

The  presence  of  an  outer  scale  sise  within  a  sub-frsctel  diffuser,  beyond  which  the 
direction  of  emanating  raya  dacorrelstes,  leads  to  e  rapid  averaging  out  of  ray  density 
fluctuations  at  large  distances  in  tha  Fresnel  scattering  geometry,  aa  larger  areas  of  the 
eeatterer  contribute  at  tha  detector.  Tha  intensity  fluctuations  then  aubaida  from  their 
high  aaymptotic  values  to  those  expected  for  Gaussian  speckle  and  the  plots  of  scintilla¬ 
tion  index  versus  distance  assume  a  familiar  humped  appearance  with  saturation  at  unity 
and  show  good  agreement  with  experimental  date  [16]. 

In  the  far  field  the  inevitable  low  frequency  cut-off  plays  a  more  crucial  role  in 
ensuring  tho  finiteneaa  of  the  statistics  of  intensity  fluctuations,  which  requires  a 
finite  spread  of  raya  [46].  Although  superficially  similar  to  thoaa  obtained,  for  a 
smoothly  varying  single  scale  screen,  plots  of  normalised  second  intensity  moment  against 
illuminated  area  exhibit  a  characteristic  power  law  regime  where,  for  the  corrugated  case 
(Co  is  the  outer  scale) 


In  this  geometrical  optics  regime  the  intensity  fluctustions  are  dominated  by  a  "light¬ 
house"  effect  In  which  an  incident  parallel  beam  is  dsflscted  through  s  maximum  angle 
'VS(Cp)  and  spread  over  an  ang.  ~  /8(W) .  This  rsgima  is  bounded  by  aperture  diffraction 
effects  for  email  apertures  anr  oy  outer  scale  decorrelation  when  W  >  Co*  Result  (17) 

Is  obtained  by  assuming,  crudel >,  that  the  scattered  beam  haa  a  rectangular  profile  so 
that  the  intensity  observed  by  the  detector  is  e  telegraph  wavs.  Again  thsra  is  some 
experimental  support  for  these  predictions  [19]. 


4  RAY  DENSITY  FLUCTUATIONS 

Tha  moat  significant  feature  of  scattering  by  e  random  phase  screen  governed  by  the 
fractal  slop*  model  (12)  ia  the  dominant  role  played  by  the  geometrical  optics  contribu¬ 
tion  to  the  scattered  intensity  pattern.  This  contribution  relates  closely  to  the 
topography  of  the  phase  distortion  and  can  be  separately  investigated  through  a  study  of 
the  xay  density  functional 

m 

R(y.s)  m  if  s<N(x)  -  *3£)  dx  (18) 

which  generalises  equation  (15)  to  include  an  aperture  function  A(x).  Not*  that  the 
statistical  properties  of  this  quantity  are  finite  when  the  structure  function  of  M  is 
given  by  aquation  (12).  This  may  be  contrasted  with  the  case  of  a  smoothly  varying 
diffuser  for  which  the  second  and  higher  moments  of  R  diverge  due  to  the  presence  of 
caustics  in  the  scettered  intensity  pattern. 

A  large  number  of  analytical  result*  have  been  derived  for  the  statistical  properties 
of  the  ray  density  (18),  particularly  for  tho  case  A(x)  =  1  which  correspond*  to  the 


Prssoel  ration  scattering  qsoamtry .  Confining  tho  discussion  to  this  caaa  for  ths  time 
Mint,  it  is  not  difficult  to  show  that 

<R>  -  1  ,  <R*>  ■  2/(l-v)  (IS 


Comparison  of  aquation  (1*1  with  aquation  (13)  confirm  tha  extra  factor  of  two  required 
to  taka  account  of  apackla  or  interference  ef facta  in  tho  caaa  of  intanaity  fluctuatione. 
It  ia  interesting  that  tha  aract  result  (It)  ia  independent  of  a  whereaa  result  (13) 
applies  only  at  large  propagation  distances.  Indeed  it  my  be  shown  that  the  single 
interval  statistics  of  ray  density  fluctuations  are  quite  generally  Independent  of  s 
although  the  transverse  spatial  decay  length  of  features  in  the  ray  denaity  pattern 
lncreaaea  like  a*'**“v>  [14].  Ike  third  woe ant,  <R*>,  cannot  be  avaluated  asactly  for 
all  values  of  v  but  can  be  espreaaad  in  the  fore  of  a  simple  integral  which  can  then  bo 
avaluated  numerically  [14].  Oesaperiaon  with  tha  momenta  of  a  gasses  distribution  show  that 
the  statistics  are  close  for  values  of  v  ranging  from  aero  to  well  in  excess  of  unity  and 
equal  Whan  <R*>  »  I  which  correspond*  to  tha  case  j  «  1.  Examination  of  this  "wrownian" 
case  has  revealed  that  the  entire  scattering  problem  ia  exactly  solvable  [14],  with  k 
behaving  like  the  square  modulus  of  a  aero  mean  circular  complex  Oausaian-Markov  process 
having  a  negative  exponential  single  intarval  diatribution  and  coherence  function 

<R(0)  R(x)>  a  1  ♦  exp(-2L|  x|  /sa)  (v  ■  1)  (20) 

Hie  finite  aperture  problem  can  also  be  formally  solved  for  the  Brownian  caae  by 
noting  that  tha  joint  diatribution  of  slopes  may  be  factorised i 


p(M|,Kj,Nj  ...)  ■  ] 

where  Ns  ■  N(xs)  with  x. 
Noting  also  that  both  pi 
of  R  for  a  hard  aperture 


Po<Hl>  P(«2~!<i)  p(Rj-Nj) 


2)  with  a.  >  xi_,  and  p  (N  ).  strictly  speaking,  has  infinite  width. 

t  both  jrand  pi  ars  Gaussian,  a  little  algebra  shows  that  tha  Nth  a 
d  apsrture  of  width  W  can  ba  expressed  in  tha  forat 


<t&>  ■ 


...  o*i«  __ 

wherq^C  '(f(p))  ia  tha  inverse  Laplace  transform  /  sxp(px)  f(p)  dp,  g(p)  «  l//2p*i, 
*  c-i*> 

p(x)  “  sxp(-x2/2)//5v,  Po(*)  “  exp(-x J/2m^) / /jam?  and  m0  is  *  ’'smximum“  slope  related 
to  the  largest  scale  sise  present  (see  equation  (26)).  Hie  corresponding  distribution 
ray  density  fluctuations  ia  given  by 


POO  - 


LW/x‘ 

i  / 

*  o 


The  transform  in  aquation  (22)  is  an  incomplete  Y-f unction  and  those  in  equation  (23)  can 
be  expressed  in  teim  of  error  functions.  Khan  LN/s<  >>  1  the  min  contribution  to  the 
integrals  in  (23)  comas  from  the  region  where  x  is  large  and  P(R)  ♦  exp(-R),  <***>  ■»  Hi 
as  indicated  above.  However  these  general  results  allow  the  narrow  beam  limit 
Ul/t*  «  1  to  be  explored  i 

P(R)  -  (1-26/vx]  4(R)  ♦  (B/a)  erfc(R/2a)  (24) 


bO-N), 


where  a  ■  AM/ 2s*  and  B  •  »'SW/L  pgtx/a).  A  numerical  evaluation  of  the  normalised 
second  moment  on  axis  (x  «  0)  given  by  equation  (2$)  shows  how,  for  a  finite  aperture,  ray 
denaity  fluctuations  increase  with  dietanee  from  tha  acattorer  and  eventually  saturate  as 
predicted  by  result  (25).  Results  (24)  and  (23)  are  entirely  consistent  with  the  co aments 
msde  in  section  3  concerning  tha  geometrical  optics  deminstad  far  field  scattering  regime i 
the  incident  beam  of  reys  is  stasrad  and  broadened  by  tha  screen  so  that,  as  indicated  by 
the  delta-function  term  in  equation  (24),  for  scam  fraction  of  the  time  no  energy  falls  on 
the  detector. 

In  tha  above  discussion  tho  concept  of  mximum  slope  a.  was  introduced  in  order  to 
obtain  results  in  tha  finite  apsrtura  caaa.  Thia  quantity  la  dafinad  by  introducing  an 
outar  acale  or  low-frequoncy  cut-off  into  t)  a  sub-fractal  model .  The  simplest  modifica¬ 
tion  cf  equation  (12)  for  tha  slope  structure  function  is  given  by  (sea  also  aquations 
(10)  and  (ID) 


-  I*|V/LV 

-  («o/l*)v  - 


i*l  -S  Co 
1*1  >  Co 
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and  lead a  to  the  following  expression  for  tho  second  norma llaad  moment  of  ray  density 
fluctuations  In  tha  largo  apartura  limit  A(x)  *  1  (aquation  (It)) 

<»a>  -  j§_  ,rf  (^2j)  (27) 

Aa  expected,  thia  formula  pradicta  that  for  larga  propagation  diatancaa  tha  dlraetiona  of 
raya  ovarlapping  at  tho  dataotor  bacoma  uncorrelated  and  tha  atructura  of  tha  pattom  ia 
avaragod  out. 

Aa  a  final  llluatratlon  of  tha  mathamatlcal  tractability  of  tho  sub-fractal  modal  it 
ia  intoraating  to  invaatigato  tha  affact  of  apatial  intagratlon  at  tha  dataotor,  which 
will  aftan  play  a  aignif leant  rola  in  raal  experiments.  Tha  raaulta  obtalnad  hara  alao 
ah ad  further  light  on  tha  nature  of  tha  full  diffraction  problem.  First  it  ahould  be 
noted  that  apatial  averaging  uaing  a  hard  rectangular  aperture  in  tha  Brownian  caaa  v  -  1 
ia  a  wall  documented  problem  (aaa  ftr  example  rafaronca  47)  with  explicit  raaulta  to  bo 
found  in  the  literature  on  integrated  Gauaslan-Narkov  proceoaea  [48 J .  For  other  valuer  of 
y  acme  simplification  of  tha  formulae  can  be  achieved  by  assuming  a  *eoft*  Oauaaian 
detector  area  ao  that 


R(a>W)  -  "Tame.  /  dx  R(x,s)  e*p(-xa/2Wa)  (28) 

/2tMa 


Tha  second  moment  of  intagratad  ray  danaity  fluctuatlona,  8,  for  tha  "Fresnel “  geometry, 
whan  A(x)  -  1  in  aquation  (18),  ia  than  given  by  tha  formula 


<Ea> 


;-x2/2ja2!,lx)  ♦  2H2 
(saS(x)  ♦  2Ha) 


(29) 


How,  a  atoapaat  descents  approximation  for  tha  aacond  intonaity  moment  calculated  .from 
aquation  (1)  with  modal  (12)  leada  to  [18] 

•  x 

<x2>  “  coi  *xp  ?  *2x,2s(xm)  (jo) 

*o  •'o 

which  ia  known  to  provide  good  agreement  with  more  exact  calculationa  [18],  Replacing  thw 
uppar  limit  of  the  x'-integral  with  a  smoother  cut-off  factor  exp(-x'a/xa)  and 
performing  tha  integration  obteina 


Tha  atructura  of  aquations  (29)  and  (31)  is  remarkably  similar.  Inspection  shows  that 
each  is  a  function  ot  a  single  parameter  whan  S(x)  is  g^ven  by  model  (12).  In  tha  case  of 

equation  (29)  thq  parameter  is  (H/C)  where  5  a  (x2/l'')2_v  is  tha  scale  siaa  of  ray  density 
fluctuations  [14]  (eff  equation  (20)  for  tha  Brownian  case).  On  tha  other  hand  equation 
(31)  la  a  function  only  of  the  parameter  (Np/()  where  Wp  «  a/kt.  How  [  is  alao  tha 
(s-dependent)  else  of  tha  scattering  region  providing  tho  dominant  contribution  at  the 
detector  [14]  so  that  Wp  is  tho  scale  characterising  the  smoothing  affect  of  diffraction 
in  tha  full  intensity  pattern.  Thus  tha  attenuation  of  intensity  fluctuations  as  tha 
propagation  path  ia  reduced  to  sero  can  ba  interpreted  aa  a  simple  diffraction  smoothing 
affect  analogous  to  integration  over  a  s-dapeiidont  datactor  area  Hp. 


Both  aquations  (29)  and  (31)  diverge  in  the  limit  v  *  2,  This  is  associated  with 
divergence  of  tha  scale  also  £  introduced  above  and  can  ba  overcome  by  introducing  a  fixed 
outer  acale  an  in  equation  (26).  Equation  (29)  then  gives 


<Ra>  -  erfc(q)  +  exp(-q2) 


♦  nerfi(q)  -  F(q) 


] 


(32) 


where  F(q) 


erp(xa)  erfc(x)  dx 


and  q  -  L/a/3 

whilst  equation  (31)  gives 


CIa>  ■  2  arfu(q)  ^  axp(-q2)  £ln  ^ ~  f(q)j 


The  last  equation  is  virtually  identical  to  previous  analytical  approximations  [20].  The 
terms  in  square  brackets,  which  arise  from  tha  region  of  integration  [0,Co]  in  equations 
(29)  and  (31),  represent  the  geometrical  optics  contribution  to  the  pattern.  These  are 


1)4 


MmUmI  (Am  W  it  IdMtitM  with  i/klg,  the  diffraction  spread  associated  with  tht 
Utytit,  aotlt  ait*  (Q.  Th#  firat  tana  on  tha  right  hand  aida  of  agwationa  (31)  and 
(12)  arita  flow  tha  raw ion  of  integration  [C0,«]  in  foraula*  (19)  and  (11).  Ihay  relata 
to  tha  averaging  out  of  tha  geometrical  optica  structure  at  large  diataneaa,  dua  to  tha 
praaaoea  of  an  outer  aoala,  aa  in  tha  formula  (IT)  valid  for  oora  ganaral  valuaa  of  v. 

Tha  additional  factor  1  appearing  in  aguation  (11)  raflaota  tha  praaanca  of  inter fa ranca 
affaota  in  tha  full  diffraotion  problem.  Thua,  aa  ia  wall  known  til),  diffraction  aarvaa 
to  no nth  tha  aingular  variation*  in  ray  danaity  ganaratad  whan  v  •  j  and  no  limit  tha 
daaraa  of  fluctuation  according  to  tha  logarithmic  tam  praaant  in  aguationa  (11)  and 
(11).  however,  tha  geometrical  optica  contribution  to  the  pattern  increaaaa  with  a  for 
propagation  diataneaa  which  ara  anallar  than. tha  eharactariatlc  focussing  length  g  «.  1. 
This  ia  different  from  tha  aituation  for  v  <  1.  whan  tha  gaoaMtrieai  optica  contribution 
ia  Independent  of  a,  owing  to  tho  introduction  of  tha  fiaad  (ia  a> Independent)  ten la  alao 
Co* 


S  SUMMARY  AMO  COftCMISlOHS 

Experimental  avidanea  auggaata  that  K-dlatribut.ad  noiaa  nay  be  widaly  applicabla  aa  a 
nodal  for  amplitude  fluctuation*  in  wavaa  acattarad  by  multi-seal*  India.  Tha  work 
daacribad  in  this  paper  haa  explored  af facta  ganaratad  by  tha  eiaplaat  kind  of  aulti-ecala 
acattarlng  ay* ten i  the  Oauaaian  random  phaaa  acraan  Introducing  wavefront  distortion*  with 
fractal  slope.  It  ha*  baan  danonatratad  that  in  ona  acattarlng  geometry  thia  elaaa  of 
nodal  generate*  lntarfaranc*  affacta  nodulated  by  underlying  ray  danaity  fluctuation*,  a 
mechanism  of  tha  kind  which  haa  baan  auggeeted  for  K-diatributad  noise.  Moraovwr,  on* 
■Mnbar  of  tha  elaaa  lead*  exactly  to  K-dlatributed  intanaity  fluctuation*  in  thia  scatter- 
ing  configuration.  It  haa  alao  baan  ahown  that  the  fractal  alopa  nodal  ia  Intaraating  in 
its  own  right,  being  analytically  tractable  aa  a  result  of  tha  absence  of  cauatlea.  This 
allow*  the  short  wav*  linit  to  b*  investigated  through  a  study  of  ray  danaity  fluctuations 
which  have  finite  statistical  properties.  Results  have  baan  presented  for  a  range  of 
properties  of  tha  acattarad  ray*  which  reflect  the  power  law  behaviour  of  the  hairarchical 
scattering  nodal  and  help  to  clarify  the  role  of  gaunatrical  optica,  diffraction  and 
lntarfaranc*  in  tha  full  diffraction  problem.  However,  son*  areas  of  work  such  as 
scattering  by  nultiple  acraana  [48]  have  not  baan  covered  for  lack  of  space. 

Although  the  results  discussed  her*  have  baan  confined  to  tha  ona-dinenaional  or 
corrugated  screen,  work  on  tha  isotropic  tvo-dinensional  sub- fractal  diffuser  la  alao  to 
b*  found  in  tha  literature  [18,44,12].  In  thia  caa*  tha  alopa  N(r)  ia  tha  vector  gradient 
of  a  distortion,  h(r),  with  structure  function  which  can  be  expanded  about  tha  origin  in 
tha  form 


D(r)  -  ArJ  -  Blrj''*2  ♦  ...  0  <  v  <  2  (34) 

Several  eimpla  results  can  b*  obtained  using  thia  nodal.  For  exenple  Intanaity  fluctua¬ 
tions  in  tha  Fresnel  region  again  saturate  at  a  value  above  the  Oauaaian  apackla  value 
[18] 


11.  <ll>  -  1 

<l>2 


(35) 


Hovaver,  the  two  diaensional  problaa  ia  on  tha  whole  lass  tractable  and  nore  suited  to 
investigation  by  nunaricai  techniques.  In  fact,  calculation  of  tha  properties  of  ray 
danaity  fluctuations  is  particularly  suited  to  tha  techniques  of  nunaricai  simulation  [49] 
and  this  approach  ia  discussed  fully  in  a  companion  paper  [17]. 

In  conclusion,  tha  aub-fractai  diffuser  ia  an  intaraating  intermediate  scattering 
modal  which  coaibinea  ainple  multi-scale  behaviour  with  tha  ability  to  ganarat*  non¬ 
singular  geometrical  optics  affacta.  It  is  amanabl*  to  both  analytical  and  numerical 
investigation  and  ia  currently  providing  valuable  new  insight  into  the  origin  of  non- 
Oauaaiau  fluctuations  of  wavaa  acattarad  by  random  madia.  Further  atudiaa  Which  ara 
currently  envisaged  include  applications  of  tha  nodal  to  tha  extended  medium  problem  and 
to  tha  atatiatical  characteristic,'  of  imaging  ayatema. 
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BOMWKY 

The  importance  of  random  media  containing  many  length  scalesi  and  propagation  of 
waves  in  much  media  is  now  widely  recognised.  In  this  paper,  specific  mathematical 
models  to  generate  stochastic  processes  which  have  'self-similar'  properties  will  be 
analysed.  Examples  will  be  presented  graphically  to  illustrate  aimlarities  and 
differences  between  processes  with  various  degrees  of  'roughness'  and  it  will  be  shown 
how  they  are  related  to  fractional  integration  and  fractal  dimension.  Such  processes 
are  non-Markov lan,  in  general,  and  both  causal  and  non-causal  models  are  shown  to  be 
stochastically  equivalent.  Their  use  in  modelling  the  scattering  of  waves  from  rough 
surfaces,  particularly  in  the  geometrical  optics  limit,  will  be  discussed  and  the 
effects  of  inner  and  outer  scales  investigated.  Finally,  the  generalisation  to  two  and 
three  dimensions  is  considered  together  with  application  to  ray  propagation  in  extended 
random  media. 

LIST  or  SYMBOLS 


e(t),  e(x) 
v(t) 

V‘» 

vv(t) 

Vv(t) 

cv(t) 

Ov 

Dv(t, 

X 

*o 

a 

l 

$(t),$(x) 
hv(x),  hv(r) 

%<*>'  <SV<£) 

M  (x) 

v 

e(u)r  ••• 

?{k),  K(k)  ... 

X 

A 

r<v) 

Vx) 

M(r) 

e 

ds 

<. .  .> 


j -correlated  random  noise 

velocity  ot  a  particle  undergoing  Brownian  motion 

velocity  of  particle  undergoing  fractional  Brownian  motion 

v^Jt)  with  polynomial  variation  removed 

vy(t)  with  smooth  inner  scale 

velocity  autocorrelation  function 

standard  deviation  of  velocity 

velocity  structure  function  (variance  of  velocity  increments) 

velocity  correlation  time 

correlation  length  of  Brownian  sub-fractal 

strength  of  the  random  driving  term  in  Brownian  nation 

topothesy  of  Brownian  sub-fractal 

inner-ccale  smoothing  function 

random  height  of  fractal  wavefront  relative  to  its  mean 
gradient  of  integrated  fractal  wavefront  (ray  gradient) 
gradient  of  fractal  wavefront  with  smooth  ir.ner-scale. 

Fourier  transforms  of  e(t),  v(t),  .  ,  e(x),  h(x),  . 

wavelength 

step  length  in  numerical  nimulations 

gamma  function 

modified  Bessel  function 

refractive  index 

unit  vector  tangential  to  a  ray 

elemental  path  length  along  s  ray 

statistical  expectation,  ensemble  average 
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Rand ora  phenomena  which  appear  similar  over  many  length-scales  are  observed  in  a 
diversity  of  situations.  Examples  include  naturally  occur ing  surfaces  and  boundaries 
(coastlines,  terrain,  clouds,  cea  surfaces,  etc),  the  motion  of  particles  subjected  to 
random  forces  (noise  in  electrical  circuits.  Brownian  motion)  and  fluctuations  cf 
temperaturs,  pressure,  refractive  index,  etc,  in  random  media.  Mandelbrot  [1]  has 
emphasised  the  ubiquity  of  multi-scale  phenomena  and  has  coined  the  word  fraetal  to 
describe  such  objscts  which  may  be  classified  according  to  their  fraotal  dimneion.  in 
this  paper  we  shall  be  concerned  with  mathematical  models  which  may  be  used  to 
explicitly  generate  such  stochastic  processes  by  computer  simulation  and  to  use  the 
resulting  date  to  model  wave  scattering  and  propagation  in  the  geometrical  optics  limit. 
In  section  2  most  of  the  concepts  are  introduced  via  a  simpl  a  and  much  atudied  example, 
Brownian  motion.  A  Brownian  fractal  is  Brownian  motion  for  which  there  are  no  boundr  on 
scale-sixe.  It  is  simply  integrated  white  noiae  and  has  a  fractal  dimension  of  1.5. 
Integration  ia,  of  course,  a  smoothing  process  though  the  Brownian  fractal  is  still  very 
rough  in  the  sense  that  it  is  not  differentiable,  like  all  fractals.  As  such  there  can 
be  no  geometrical  optics  limit  for  fraotal  wavefronts,  or  dlffraoto.la .  and  they  give 
rise  to  only  weak  intensity  fluctuations  as  the  wave  propagates  (2).  Progressively 
smoother  processes  may  be  generated  by  repeated  integration  and  it  is  shown  that  thase 
too  have  a  hierarchical  structure.  They  are  Markovian  processes  and  have  a  frequency 
spectrum  -  u"2n,  where  n  is  the  order  of  integration  of  the  white  noise.  Raya  scattered 
from  integrated  fractals  produce  large  fluctuations  in  intensity  (infinite  for  n  >  2) 
and  the  ray-density  pattern  becomes  increasingly  sharp  with  the  order  of  integration. 
However,  these  changes  arc  quite  abrupt  as  n  is  incremented  and  in  section  3  we  show  how 
they  can  be  mode  continuous  by  uair.g  fractional  integration  as  the  smoothing  process, 
leading  to  the  fractional  Brownian  process.  The  consequences  of  inner  and  outer  scales 
(high  and  low  frequency  spectral  cut-offs)  are  discussed  together  with  how  they  affect 
the  change  in  intensity  fluctuations  with  distance  of  a  propagating  fractal  wavefront  in 
the  geometrical  optics  limit.  Section  4  deals  with  the  extension  to  higher  dimensions. 
Explicit  examples  are  given  for  the  two-dimensional  propagating  wavefront  showing  how 
the  contrast  patterns  develop  and  also  how  these  same  two-dimensional  models  may  be  used 
to  simulate  ray-propagation  in  a  multi-scale  extended  medium. 


2.  A  SIMPLE  EXAMPLE  -  THE  BBOWIAN  PROCESS 


2 . 1  Brownian  Notion 


Stochastic  processes  may  be  generated  by  filtering  6 -correlated  white  noise.  A 
well  known  example  which  has  received  considerable  attention  since  the  turn  of  the 
century  [3]  is  ordinary  Brownian  motion  which  may  be  described  by  the  stochastic 
differential  equation 


&-?*«(*> 


ID 


where  <e(t)e(t’)>  -  6(t-t')»  t  is  the  correlation  time  and  o  is  a  constant 
characterising  the  magnitude  of  the  random  driving  force.  Equation  (1)  describee  the 
motion  of  a  particle  in  a  continuous  viscous  medium  which  is  subjected  to  uncorrelated 
impuljos.  It  may  be  formally  integrated  to  give 

t 

v(t)  ’  a  f  e'(t"t,,/c  r  ( t 1 )  dt 1  (2) 


which  is  simply  integrated  white  noise  with  an  exponentially  decaying  'memory',  some 
care  ia  needed  in  interpreting  cuch  derivatives  and  integrals  since  e  (t)  is  a  random 
function  which  is  everywhere  discontinuous.  One  method  of  giving  a  rigorous  meaning  to 
these  quantities,  which  is  particularly  useful  for  simulation  purposes,  it  to  regard  (l) 
as  the  limit  as  At  0  of  the  finite  difference  equation  (or  map) 


n+1 


,!  -  ^)Vn  ♦  a€n/St 


U’l 


which  has  solution,  for  At  +  0, 
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a/St  £ 


.•'Vtn'>/T  e 


n’ 


(2') 


where  tn  -  nf>t  and  <enen<>  -  8nnt.  These  equations  are,  of  course,  perfectly  well 
defined  and  constitute  a  Harkov  chain  by  which  Js  meant  that  given  vn  at  time  tn  then 
vni  at  some  time  tn<  >  tn  cannot  independently  depend  on  values  of  v  at  times  less  than 
tn.  The  continuum  limit,  equation  (1),  is  called  a  Markov  process  and  is  a  direct 
consequence  of  the  fact  that  the  stochastic  process  can  be  describee  by  a  f irat-orcer 
differential  equation.  In  ge.ieral  an  n-th  order  stochastic  differential  equation  will 

give  rise  to  an  n-tk  order  Markov  process  meaning  that  given  vj.,  vj/  .  vn  at  times 

tj  <  tj  <  .....  t„  then  v(t.)  with  t.  >  tn  cannot  (independently  of  vi ,  vi,  .  vn) 

depend  on  v  at  times  less  than  fcj.  In  section  3  it  will  be  shown  that  eelf-similcr 
stochastic  processes  are,  in  general,  manifestly  non-Msrkovian  in  the  sense  that  they 
cannot  be  described  by  finite-order  stochastic  differential  equations. 


iss 
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2.2  AfliH  Seal ing  -  The  Brownian  Fractal 

The  autocorrelation  function  of  v(t)  is,  from  equation  (2), 

C(t)  -  <v(t+t')v(t')>  -  ^  e"lti/T 

showing  that  the  process  is  stationary  with  correlation  length  T.  In  fact  all 
stationary  first-order  Harkov  processes  have  exponential  ly  decaying  correlation 
functions  and  vice  versa  [41. 


(3) 


The  presence  of  an  outer  scale,  t,  has  two  important  consequences.  Firstly  it 
limits  the  amount  by  which  the  random  noise  allows  v  to  grow  giving  it  a  standard 
deviation  dy  ■  /<v>‘  ■  o/r/2  and  secondly,  for  time  separations  >>r  velocities  l^ecorae 
decorrelated.  This  latter  fact  means  that  plots  of  v(t)  will  be  statistically  invariant 
under  magnification  of  tne  time  axis  provided  we  do  not  resolve  time  scales  <t.  In  this 
sense  ordinary  <5  -correlated  noise  (t  •  0)  is  self-similarl  On  the  other  hand,  when  t 
is  very  large  and  we  consider  time  separations  <<  t  then  from  equation  (3) 

_2_ 

C(t)  =  (i  _  |t!/x) 
and  hence 


D(t)  5  <[v(t+t')  -  v(f)]2>  -  u2|t|  (4) 

In  this  regime  v(t)  is  statistically  invariant  under  the  self-affine  transformation 

t  *  kt  v  •*  klv  (5) 

in  the  sense  that  the  variance  of  increments  of  v  remain  unchanged.  These  situations 
are  depicted  in  figure  1  which  shows  successive  threefold  magnification  (stretching)  of 
the  time-axis.  In  (a)  the  v-axis  is  kept  constant  . nd  the  graphs  look  similar  on  long 
time  scales  whereas  in  (b)  where  there  is  root  scaling  of  the  v-axis  the  graphs  look 
similar  on  short  time  scales. 


Consider  the  limit  that  t  *  “ .  He  see  from  equation  (3)  that  the  autocorrelation 
function  diverges  though  the  structure  function  (equation  4)  is  still  well  defined  and 
varies  linearly  with  time,  satisfying  the  self-affine  transformation  (5)  for  all  time¬ 
scales.  This  self-affinity  is  a  fundamental  property  of  all  fractals  which,  as  we  shall 
see,  will  always  remain  statistically  invariant  under  some  power-law  scaling.  The 
scaling  properties  are  also  intimately  related  to  the  apparent  'roughness*  of  the 
graphs.  6-correlated  noise  (top  of  figure  la)  behaves  as  eratically  as  a  one- 
dimensional  curve  can.  This  follows  directly  from  the  statistical  invariance  of  v(t) 
under  the  scaling  law  t -►  kt.  If  the  root-mean  squared  change  in  velocity  over  any  time 
interval  is  to  be  aero  this  can  only  be  achieved  by  highly  erratic  fluctuations.  In  the 
limit  t  -*•  0  the  curve  becomes  area  filling  and  is  said  to  have  a  fractal  dimension 
D  «  2.  On  the  other  hand,  for  t  <<  t  the  curve  is  less  rough  (bottom  of  figure  lb) 
though  in  order  that  the  rms  change  in  velocity  varies  as  /Z  for  any  t  it  cannot  do  bo 
smoothly.  In  the  limit  t  •»  “  it  is  said  to  be  Brownian  fractal  with  fractal  dimension 
D  «  1.5. 
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Figure  1.  Graphs  of  velocity  vs  time  for  Brownian  Motion. 

(a)  linear  scaling  of  the  t-axis. 

(b)  linear  scaling  of  the  t-axis  and  root  scaling  of  the  v-axis. 
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2.3  totter  Smoothing  by  integration 

Nov  the  Brownian  fractal  is  simply  integrated  {-correlated  white  noise  (equation 
(2)  with  e'lt't  )/ t  -  1)  and  hence  the  integration  acts  as  a  smoothing  process,  as  one 
would  expect.  This  operation  can,  of  course,  be  repeated  to  give  a  family  of  ever 
smoother  curves i 


t  fci  ^n-i  1 

vn(t>  -  /dtl/  dt2  . f  aV<V  *  -nrTTT  / 


which  are  solutions  of  the  differential  equations 

.n 
d  v 

- £  »  t (t)  (7) 

dt" 

vn(t)  is  thus  a  simple  nth-order  Hartov  process.  As  has  already  been  shown,  the  case 
n  •  1  has  inifinite  variance  though  this  singularity  is  of  little  consequence  and  is 
circumvented  by  considering  increments,  which  have  finite  variance,  ie 

Vitt+t')  -  vi(t+t<)  -  vift1)  (8) 

has  variance 

D(t)  «  <  Vj2>  -  |t| 

even  though  <  v^2  >  »  s°.  Por  n  >  1,  <vn2  >  is  again  infinite  due  to  the  presence  of 
constant,  linear,  quadratic  ....components  which  dominate  the  process.  However,  these 
are  easily  removed  just  as  the  constant  term  was  in  equation  (8).  Using  equation  6  we 
get 

r  dvn  t2  d2v  .n-1  dn-1v  1 

V  (t+f)  =  v  (t+t 1 )  -  I v  ( t 1 )  +  t  rrg  +  ^  - s  +  ....  -1  - n 

n  n  Ln  dtr  21  2  n-1  1  ..  i n-1  J 


giving 


p 

d  v 

vn 

it+f)  - 

vn 

(f 

') 

+  t  at? 

vn 

(t+tM  - 

vn 

if 

') 

+  tvn-1 1 

t+f 

Tiv 

*1T  / 

(t 

+ 

f 

'  -  el"' 

tn-lv  1 


e Is) ds 


-  2  1 1  ' 

<vS  .  - UEJ - ,  ,,0) 

(2n-1 )  ((n-1)  l)2  ' 

and  hence  vn(t+t'l  is  statistically  invariant  under  the  affine  scaling  law 

t  +  kt,  vn -+  kn_*vn  (11) 

This  invariance  is  demonstrated  in  figure  2  for  the  case  n  «  2  where  we  plot  V2 
under  successive  magnifications  using  affine  scaling,  at  each  stage  rotating  the  section 
to  be  magnified  according  to  equation  (9),  ie 


v2(t+u')  +  v2(t+t')  »  v2(t+t')  - 


tdv-(t') 


Figure  3  thorn  sections  of  volt)  ({-correlated  noise)  to  vj(t),  demonstrating  how 
integration  lead*  to  smoothing  of  the  stochastic  prooaaa.  However,  thia  smoothing  taka* 
place  it»  diaerata  jump*  and  on*  nay  aak  whether  it  ia  poaalbl*  to  general  la*  the 
procedure  to  produce  Mif-affin*  atoohaatio  proceaaea  of  any  d*  ired  roughneaa  (or 
amoothneas ) . 


Figure  3.  Smoothing  by  integration. 

Since,  an  we  have  ahown,  the  degree  oi  ■  oughness  ia  primarily  dependent  on  the 
index  2n  -  1  in  equation  10,  one  way  of  making  thia  general iaation  would  be  to  replace  n 
by  a  continuous  variable,  leading  to  the  concept  of  fractional  differentiation  and 
integration.  Thia  ia  indeed  possible,  as  will  be  ahown  in  section  3. 

2 . 4  Spectrum 

The  spectrum  of  a  process  may  be  defined  as  the  modulus  squared  of  its  Fourier 
transform  (if  it  exists)  which  i#  the  Fourier  transform  of  its  autocorrelation  function. 
(Wiener-Khintchine  theorem  (5)).  For  Brownian  motion  this  is,  from  equation  3, 

C(w)  5  y  elutc(t)dt  -  -  2  (12) 

-»  (t  *<«  ) 

Note  that  this  quantity  exists  in  the  limit  T-*«cven  though  C(t)  diverges. 
Furthermore,  any  v(t)  having  this  spectrum  will  nave  the  same  structure  function  since 
(cf  equation  4) 


y_  m 


D(t)  -  2  (C  (o)  -  C(t)] 


(13) 
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In  this  Hmi  tha  spectrum  My  ba  n^irdid  as  more  fundamentnl  chan  tha  stochastic 
differential  aquation  which  gave  riae  to  it.  Ind«ad,  it  ia  not  difficult  to  define  a 
number  of  different  atoohaatic  proceases  which  qiva  tha  aame  spectrum,  C(w)-in  ror 

example,  with  the  choice 

viw)  - 

th«n  m 

v<t»  *37/ TrtW1“  ,14) 

■ 

which  aatiafiea  the  differential  equation 


ie  equation  1  with  t  «  -  and  a  •  1.  however  tha  choice  T( u)  «  |u|_1  t(u)  givea  v(t) 
which  satisfies  the  'non-causal '  differential  equation 


dt'e  tt' 


v(t)  -  v(o)  »  -  ~  y"  ln|l  -  t/t* |c(t')dt' 


Thia  procedure  la  eaaily  generalised  to  the  aultiply  integrated  Brownian  fractal  vn 
(equation  6',  which  haa  a  spectrum  C(w)  «  | «u |  — 2r>,  and  it  ia  eaaily  verified  that 

«• 

a  r  -iwt 

vn(tl  *  3¥  J  : n  U6) 

( -ia) ) 

aatiafiea  equation  7.  The  proceaa  of  removing  the  divergent  constant,  linear,  quadratic... 
components  deacribed  by  equation  («:  particularly  aiaple  in  frequency  apace  with 

*  2V  /  -  1  ♦  i-t  ♦  -  L~of-Vw-]  <i7> 

which  ia  eaaily  ahown  to  have  finite  variance  -|t|2n_1. 

1.5  Scattering 


Waver  which  have  encountered  fractaia  are  referred  to  by  Berry  [2]  ea  diffractala. 
The  one-dimensional  Brownian  dif fractal  aay  be  modelled  by  equation  (1)  if  we  replace 
v(t)  by  h(x),  the  height  of  the  wavefront  relative  to  its  mean.  Such  a  distorted  wave 
nay  result  from  the  transmission  of  a  plane  wave  through  a  narrow  region  of  turbulence 
or  from  a  rough  aurface.  The  restriction  to  one-dimansion,  which  corresponds  to  a 
'corrugated'  wavefront,  ia  somewhat  unrealistic  but  is  made  for  mathematical  (and 
numerical)  convenience.  The  extension  to  two  and  three  dimensions  will  be  considered  in 
section  4.  In  this  paper  we  will  be  concerned  only  with  the  geometrical  optica  limit 
X  -*•  0.  Thia  is  an  important  limit  for  a  large  class  of  soatterers  where  interference 
effects  are  of  only  secondary  Importance.  In  Any  case  this  limit  is  worth  exploring  in 
detail  since  it  is  usually  easier  to  make  progress  both  analytically  and  numerically, 
and  comparison  with  a  full  wave  treatment,  when  possible.,  will  give  insight  into  the 
relative  importance  of  geometrical  effects.  For  the  Brownian  fractal,  the  wavefront 
h(x)  is  non-dif ferentiable  and  there  is,  strictly  speaking,  no  geometrical  optics  limit. 
In  practice  the  wavefront  (and  the  random  media  or  ,-urface  from  which  the  wave  is 
scattered)  in  unlikely  to  be  a  fractal  at  all  length  scales  amenable  to  experimental 
investigation.  What  is  moat  relevant  in  the  behaviour  of  h(x)  on  scales  >1.  no 
geometrical  effects  will  be  observed  if  h(x)  remains  fractal  down  to  -1 .  ~The  resulting 
weak  flucutations  in  intensity  of  the  scattered  <>  ves  are  due  entirely  to  interference 
and  diffraction  and  require  a  full  wave  treatment  [2].  On  tne  other  hand,  if  h(x)  is 
dif terentiable  (non-fractal)  on  scales -1  but  is  fractai-like  on  larger  length  scales,  a 
geometrical  optics  limit  ia  meaningful.  Vfe  return  to  this  point  briefly  below.  The 
integrated  fractaia  given  by  equation  (7)  with  n  >  1,  are,  ipse  facto,  always  at  least 
once  dif  ferentiahie  and  thus  have  a  geometrical  optics  I  imit.  The  case  n  «■  2,  the 
Browiuah  sub-fractal,  with  slope  m(x)  » “£  and  outer  scale  Xq  satisfies  the  stochastic 
differential  equation  “* 


ie  m(x)  is  analogous  to  v(t)  in  Brownian  motion  with  h(x)  analogous  to  x(t)  and  t,  the 
'topothaay',  a  constant  length  characterising  the  strength  of  the  random  driving  term 
[2,6] .  Raya  propagating  from  auch  a  wavefront  are  ahown  in  figure  4.  When  viewed  on  a 
scale  much  less  than  the  outer  a?ale  (figure  4a)  the  rays  are  highly  correlated 
( < [m(x)-MO)] 2>  *  |xl/l)  though  with  the  absence  of  curvature  (m(x)  is  not  differentiable) 
no  sharp  focussing  can  occur.  However,,  the  fluctuations  in  intensity  (ray-density)  are 
quite  large  and  it  can  in  fact  be  shown  that  they  have  an  exponential  probability 
distribution  with  a  scintillation  index  of  unity  (6).  At  larger  distances  (figures  4b 
and  4c)  tha  fluctuations  are  reduced  since  the  pattern  ia  now  predominantly  formed  from 


the  superposition  of  rsys  whose  directions  ere  only  weakly  correlated  until  finally 
(figure  4d)  the  fluctuations  virtually  disappear. 
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Figure  4.  Kays  fros  a  Brownian  sub-fractal  under  de-aagnification. 

Boxes  denote  boundary  of  previous  diagraa. 

Me  also  see  in  figure  4  the  effect  of  an  inner-scale,  an  unavoidable  consequence  of 
discretisation,  under  high  magnification  and  close  to  the  parent  wavefront  (figure  4a) 
the  fluctuations  in  intensity  are  again  weak  but  increase  with  distance  with  rays 
overlapping  at  distances  >  A/s>,  where  &  is  the  discretisation  length  and  TB  the  standard 
deviation  of  the  change  in  slope  of  adjacent  rays,  it  can  be  shown  that  covergence  to 
asysptotic  statistics  is  quite  slow  and  since  rays  at  a  distance  s  esinate  froa  a  region 
of  length  '  a3,  accurate  sisulations  are  ’expensive1,  requiring  a  large  nuaber  of  steps 
(7).  One  can,  of  course,  consider  other  kinds  of  inner-scale  smoothing  such  as  local 
integration  (8) 

m 

ie  a(x)  -►  H(x)  •  f  4(x-x')a(x')dx’  (19) 

•Mi 

where  4(x)  is  peaked  about  x  «  0  with  <(x)  «  0  u  |x|  *  «.  in  reciprocal  space 

H(k)  .  a(k)?(k>  (20) 

and  for  +(x)  normalised,"  +(k)  -  l  as  k*  0  showing  chat  the  low-frequency  components  are 
unaffected,  as  expected.  Hence 

S(x)  s  < (M(x)  -  M(0))*>  (21) 

vhereas,  for  9(x)  smooth  (differentiable)  and  x  snail,  d(x)  is  a  power  series  in  even 
powers  of  x  reflecting  the  fact  that  H(xj  is  differentiable.  It  follows  that  under  high 
magnification  the  saooth  inner  scale  will  give  rise  to  caustics  and  infinite 
fluctuations  in  intensity  (9).  However,  at  distances  much  greater  than  the  inner  scale, 
but  still  such  less  than  the  outer  scale,  the  pattern  is  dominated  by  the  fractal-slope 

behaviour  (equation  21)  and,  provided  the  overlapping  caustics  are  not  resolved,  will 

appear  aa  in  figure  4a. 
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Let  ua  new  return  to  tha  question  of  the  geoaetrical  optica  Halt  tor  a  Brownian 
fractal  whiah  should  ba  relevant  to  aituationa  whara  tha  wavelength  la  leaa  khan  tha 
inner  acala.  Pro*  aquation  7,  h<M)  aatlafiea  n(»)  «5“*c(a),  ie  the  directions  of  the 
•rays'  are  Mnoorralated  and  the  pattern  would  b»  alailar  to  that  in  figure  4d,  in  the 
oontinuua  (ray-denaity)  liait  there  would  ha  no  fluctuation*,  ie  tha  lntenaity  would  ha 
constant.  Bow  thla  liait  ia  approached  will,  of  oouraa,  depend  on  tho  particular  type 
of  inner  acala  aaoothlng.  Figure  4.  for  erawple,  nan  be  re-interproted  aa  the 
geeaetrical  optica  Halt  of  a  Brownian  fractal  with  no  outer  aeale  but  an  inner  aoalc 
auch  that  h(x)  gradually  changaa  froa  being  a  cub-fractal  on  aaall  acalea  (figure  4a)  to 
a  fractal  on  large  acalea  (figure  4d),  h  alailar  aodel  with  an  abrupt  change  froa  sub¬ 
tract*!  to  fractal  haa  been  conaidered  by  jakeaan  (10).  For  autficiently  aaooth  inner 
acale  behaviour  the  fin*  atructur*  will  again  conaiat  of  aauetica  which  be  coat* 
unreaolvahl*  at  large  distances. 

Finally,  oonaider  ray  propagation  froa  wavefronta  generated  froa  aultiply 
integrated  4 -correlated  noiae.  shown  in  figure  3  and  deaeribed  by  equations  (4)  and  (7) 
with  vn(c)  replaced  with  hn(x).  Kraaplea  for  n  ■  1  *  4  are  ahovn  in  figure  S.  Tha 
Brownian  fractal  and  sub-fractal  (n  •  1  and  3)  have  been  diaouased  above  and  the  figure 
show*  the  disappearance  of  fluctuations  and  absence  of  focussing  respectively.  For  n  * 
3,  where  curvature  arista,  caustics  have  fomed  and  these  becoan  '■harper'  for  the 
■■toother  curve  with  n  •  4. 


Figura  5,  Roy  propagation  from  wavefronta  generated  by  n-th  order  integration 
of  white  noiae  with  n  •  1  to  4. 
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3.1  Fractional  osloulua 

In  tha  last  section  ws  ahowsd  mow  repeatedly  integrating  4  -correlated  noiss  lad  to 
r.  (sally  of  increasingly  saoothsr  stochastic  processes,  though  a  soothing  occurs  in 
discrata  jumps.  This  procedure  can  be  aada  continuous  by  replacing  r,,  the  order  of 
integration,  by  a  continuous  parameter  u.  Thus  we  are  led  to  the  concept  of  fractional 
Integration  and  differentiation,  a  subject  which  has  received  a  great  deal  of  attention 
in  the  mathematics  literature  (111.  The  stochastic  processes  of  the  lest  section, 
described  by  the  equations  6  end  7,  are  now  generalised  to 
t 

vv(tl  •  ^  f  (t-fl^’tlfldf  (22) 


which  sstiafles  the  fractional  differential  aquation 

«V<t> 

— -gr-  -  t(ti  <“> 

The  form  (22),  often  referred  to  as  fractional  Brownian  motion,  was  first  used  by 
Nandelbrot  [11  though  it  is  at  least  implicit  in  much  earlier  wort  hy  Levi  112).  Ne  see 
immediately  from  aquation  (22)  that,  for  v  non-integral,  the  process  v,(t)  is  manifestly 
non-Markov ian,  the  value  of  the  random  variate  vv(t)  depending  on  all  values  in  the 
distant  past.  It  is  only  for  integer  values,  v  *  n,  that  tha  process  reduces  to  an  n-th 
order  Markov  process.  Since  fractional  differentiation  satisfies  the  rule 


d^flwl 


dxv  i  dx"  J  dxH  v 

then  v  in  equation  (22)  may  be  restricted  to  a  rang.-  of  unity  and  all  other  values 
outside  this  range  may  then  be  obtained  by  ordinary  <'.*,r«tion  or  differentiation, 
choice  1  <  v  <  3/2  ensures  that  the  increments  in  ^(t)  have  visits  variance, 

»v(t)  5  <  lVt+t,)  "  vv(f))*>  -  \,  |t|*>“l 

m 

where  ,  (  /  2  -i) 

*  — J-y  <  J  | (lex) V  -  x^  ’] 2dx  ♦  (2v-1) 

^  r(v)2  (o  > 

and  vv(t)  is  referred  to  as  fractional  Brownian  motion,  All  higher-order  smootnd 
proceaaes  are  given  by  integration  of  vv  (cf  equations  6  and  7)  ie 

t 


TKJTTT  /  (t-f)n-\u')dt* 


satisfying 


Processes  v^nft)  with  finite  variances  may  be  produced  in  exactly  the  sr.me  way  aa 
described  in  section  2  by  removing  linear,  quadratic  .....  components  from  vv+n(t)  (cf 
equations  (9)  and  (10)). 

Since  vt(t)  is  non-Markov ien  for  v  /  n  it  is  not  practical  to  solve  equation  23 
numerically  t>y  the  finite  difference  method,  though  this  method  is  suitable  for 
generating  vv+n  from  vv  (equation  27),  A  more  general  approach  is  to  use  Fourier 
analysis  and  exploit  the  efficiency  of  the  FFT  [12,  13).  It  is  easily  verified  that  (cf 
equation  14) 

1  lr  ,"1“t  - 

v  (t)  •  ?=  ]  — - rt  etw)du  (28) 

V  211  -t  (-lw)V 

which  has  a  spectrum 


that  is  finite  even  though  the  autocorrelation  function,  Cv(t),  diverges.  As  with  the 
Brownian  case,  we  can  find  other  processes  which  satisfy  equations  (25)  and  (29)  and  in 
this  sense  they  are  statistically  equivalent.  A  convenient  choice  for  numerical 
simulations  ia  Vv(w)  -  M~ve(w>  giving  the  'non-cauaal*  process 

ms 

Vv(t)  -  /  lt-t* |V~1e(t,)dt'  (30) 

»*) 

which  reducas  to  aquation  (15)  la  the  limit  v  *  i. 

The  processes  vy(t)  in  aquations  (22)  and  (30)  again  satisfy  an  affine  scaling  law, 
ie  they  remain  statistically  equivalent  under  the  transformation  t  *  kt,  v,  ■*  kv“*v  in 
the  sense  thet  Dv(t),  equation  25,  remains  invariant.  Procaaaas  Uj  (t)  for  v  »  i  tov 
v  *  3/2  (frectal)  in  steps  of  1  are  ahown  in  figure  6e,and  for  v  ■  3/2  to  v  •  5/2  (sub¬ 
fractal)  in  figure  tb.  The  cases  of  ordinary  intsgratsd  whits  noise  discussed  m 
section  2,  it  v  »  1  end  2,  are  marked  with  sn  asterisk.  This  demonstrates  that  the 
procedure  does  i ndsed  provids  a  means  of  generating  processes  with  varying  degrsss  of 
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roughneaa*  it  can*  In  (net*  be  shown  that  lot  the  frectale  (figure  ta)  the 
Integration*  index  v  la  related  to  fractal  diMnalon  by  tha  aquation  till 


'fractional 


1 


(11) 


For  v  >  3/2  aquation  31  la  no  longer  applicable  though  v  say  utill  be  interpreted 
•aaaure  of  aaoothneea . 
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3.2  inner  and  Outer  scales 

Ordinary  Brownian  notion,  aquation  1,  haa  an  exponential  correlation  function  (equation 
3)  due  to  the  preaenee  of  the  correlation  length  or  outer  acale,  t.  A  natural  way  of 
introducing  a  correlation  length  into  general iaed  Brownian  motion  ia  through  the 
fractional  differential  equation  (23)  (15) > 


(A  *  t)”v 


which  haa  aolution 

t 

vv(t)  -  f  a"<t't')/T(t-f)V"1E(t')df  (33) 

ie  equation  (22)  with  an  exponential  damping  of  the  integrand.  The  correlation  function 
ia  now  well  defined  and 

Cv(t)  s  <vv(t)vv(o)>  -  (T;Vr2^  Vj(t/T)  (T/2)V1e"t/T  04) 

Thia  'non-exponential'  correlation  function  again  confirms  the  non-Markovian  nature  of 
the  proceas  with  a  power-law  tail  symptomatic  of  fractals,  in  fact  equation  (33)  may  be 
generalised  by  replacing  the  exponential  factor  with  any  amooth  function  peaked  about 
the  origin  with  a  characteristic  width  t  and  vanishing  at  infinity,  for  t»  t  ,  c  (t) 
will  then  be  of  the  form  |t|V-lfv(t)  where  fv(t)  ia  amooth. 

Inner-scale  smoothing  on  short  time  scales  can  again  be  achieved  by  local  integration 
and  vv(t)  (equation  (22)  or  (30))  ia  replaced  by  Vv(t)  where  (cf  equation  (19)) 

Od 

V  (t>  -  /  ♦(t-t')vv(t')dt'  (35) 

—03 

where  <fi ( t)  is  sharply  peaked  about  t  -  0  and  differentiable  to  all  orders.  Hence  Vv(t) 
ia  also  differentiable  to  all  orders  and  the  process  is  'smooth'  despite  the  fact  that 
vv(t)  is  not  differentiable  and  for  large  time  scales  (compared  with  the  characteristic 
width  of  4)  Vv  and  vv  appear  indistinguishable.  This  is  reflected  in  the  variance  of 
increments  of  Vv(t)  which  approximately  takes  the  form  (25)  for  large  t  but  varies 
quadratically  with  t  for  t  small  ie 

<(vv(t)  -  Vv(o))2>  .  |  /  [1  -  coswtldki  at2 

o  to 

where  a  =  \  f  *• 

and  °  m  ~ 

<(Vv(t)  -  Vv(o)]2>  »  |t|2v_1  |  [1  -  cosxjdx 

o  x 

which  reduces  to  equation  (25)  for  t  «,  using  $(0)  «  1  for  g> ( t )  normalised. 

The  correlation  function  is,  of  course,  still  infinite  being  unaffected  by  the 
inner-scale  smoothing.  However,  since  Vv(t)  is  now  differentiable,  the  gradient  of  the 
curve  exists  and  we  may  determine  its  correlation  properties  from  equation  (35)  ie 

Mv(t)  s  *  J  ♦'(t-t')vv(t')df  .  J  e_1“t[-iw?(u))vN((u)du 


end 

<Mv(t)Mv(°)> 


(36) 


The  integral  obviously  converges  for  a  fractal  since  2(v-l)  lies  between  +1  and  $r(u) 
must  decay  more  rapidly  than  ui~l  (otherwise  ♦  (0)  would  be  infinite).  For  Targe  times  it 
has  the  asymptotic  formi 


...  ....  r(3-2v) sinxv 

<Mv(t)Mv(o)>  ^  ~ 

Since  3-2v  lies  between  n  and  2  we  see  that  the  gradients  tend  to  become 


decorrelated  at  large  times  or  v  »  l,  (37)  vanishes  in  agreement  with  section  2  where 
it  was  argued  that  the  slop<  tome  (-correlated  as  the  inner-scale  smoothing  tends  to 
xero.  Note  that  (37)  changi  jn  through  v  «  l  and  the  gradients  for  v  > 1  are  said  to 
be  anti-correlated . 


These  results  are  eawily  extended  to  the  integrated  fractals  with  v  >  3/2  (see 
equation  26)  and  in  general  the  correlation  properties  of  the  process  are  unaffected  by 
the  inner-scale  smoothing  (equation  35}  on  sufficiently  large  time  scales  whereas  the 
presence  of  sn  outer  scale  (the  correlation  length  t  in  equation  32)  will  mean  that  the 
proceas  will  always  appear  6  -correlated  on  time-scales  »t  . 
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3.3  G«o—  tiioal  Optica 

As  with  the  Brownian  caaa  (section  2.5),  the  general  one -dimensional  diffrectal  is 
modelled  by  fractional  Brownian  motion  (equation  22  or  30)  with  the  replacement 

vv(t)  *  hv(s) 

where  hv(x)  is  the  height  of  the  wavefront  relative  to  its  mean.  hu(x)  is  not 
differentiable  as  evidenced  by  the  fact  that 

, iAhi.  ,  <lh(x+Ax)-h(x)  l> _ 1  _ .  _ 

'  Ax  Ax  j  Ax  1 3/2-v  Ax-kj 

and  h(x)  appears  rough  on  all  length  scales  (see,  for  example,  figure  lb).  As  a 
consequence,  there  can  be  no  geometrical  optics  limit  and  the  build  up  of  fluctuations 
as  the  wave  propagates  are  due  entirely  to  interference  and  diffraction  and  have  been 
shown  to  be  weak  [2,16].  As  pointed  out  in  section  2.5,  this  idealised  picture  should 
be  a  reasonable  approximation  to  a  more  realistic  model  in  which  the  wavefront  has  a 
fractal  form  down  to  length  scales  of  the  order  of  the  wavelength,  on  tna  other  hand, 
if  the  fractal  wavefront  has  inner-scale  smoothing  on  length  scales  greater  than  the 
wavelength  then  the  geometrical  optica  limit  should  be  relevant.  Neighbouring  rays  will 
coalesce  to  form  caustics  and  large  intensity  fluctuations  will  build  up  on  short 
length-scales.  At  greater  distances  the  intensity  tray-density)  pattern  will  be 
dominated  by  the  overlap  of  rays  which  originate  from  point*  which  are  separated  by 
distances  much  greater  than  the  inner-scale.  However,  the  directions  of  these  rays  are 
only  weakly  correlated  since  the  correlation  function  varies  inversely  as  a  power  of  the 
separation  (equation  37  with  t  replaced  by  x).  Hence  the  fluctuations  in  ray-density 
will  be  small,  provided  the  caustics  are  not  resolved,  tending  to  zero  with  distance. 
Indeed,  it  can  be  shown  that  the  ray-density  fluctuations  disappear  at  all  distances  in 
the  limit  of  vanishingly  small  inner-scale. 

The  once  integrated  fractal  wavefront  has,  by  definition,  a  fractal  slope  and  hence 
the  directions  of  the  rays  are  correlated  over  all  length-scales,  the  variance  of 
increments  in  slope  being 

<tmv(x)-mv(o)]2>  *  const  |x|2v_1  (38) 

where  2v  -  1  varies  between  C  and  2  (cf  equation  25).  Such  strong  correlations  lead  to 
large  intensity  fluctuations  as  v  increases  and  these  scale  with  distance  in  a  manner 
determined  uniquely  by  the  affine  scaling  property  of  n^tx)  (171.  We  have  already 
argued  that  there  are  no  ray-density  fluctuations  from  a  fractal  with  a  vanishingly 
small  inner  acale  and  we  might  expect,  from  continuity,  that  the  fluctuations  from  a 
fractal-slope  wavefront  would  gradually  increase  from  v  »  J.  This  is  indeed  the  case  as 
is  demonstrated  in  figure  7  where  ve  show  ray  propagation  from  sub-fractal  wavefrontB 
similar  to  those  shown  in  figure  6b 

Since  there  is  no  curvature  to  >.he  wavefront,  caustics  cannot  be  formed,  though  for 
the  'marginal'  sub-fractal,  mj/jtx)  shown  in  figure  7e,  caustics  are  beginning  to  emerge 
and  gradually  become  sharper  as  v  is  increased  (see,  for  example,  figures  5c,  5d). 


Thu  Mt hods  top  generating  multi-acale  stochastic  processes  in  one-dim*n»lor.  m*y  be 
extended  to  higher  dimensions  as  follows  Let  h, (r)  be  random  function  in  an  n-  , 
dimensional  space  (a  stochastic  fiald)  and  Tj,(()c)  its  Fourier  transform.  Choosing  the 
spectrin  of1  hv(r)  to  be 

Cv<y  -  €39) 

leads  to  a  divergent  rjutocorrelation  Junction  for  v  in  the  range  1/2  to  3/2,  though  the 
variance  of  increment*  of  hv(r)  is  f i.iite . 


ie  Dv(r)  s  <lhv(rtr')  -  hv<r‘))2>  f  11  ‘  •~l~  -Jd1^  -  Avr2v_1  (40) 

act 

where  /-\n  A  7  ■ 

\  ■  (£)  /  dnn  J  **  (1  -  c0*<*  C0l8h>J 

o 

(cf  egu&tions  25  and  29).  Choosing 


h(k) 


e(k) 


where  e(k)  is  the  Fourier  transform  of  iS-norrelated  gaussisn  noire,  aiveB 

n+1 


e  (r '  )d  r • 


(4i; 


which  satisfies  the  fractional  differential  equation 

77  "3~  hy(r)  »  c  ir)  €42) 

It  may  be  shown  >131  that  the  fractal  dimension  of  iiv(r)  is 

D  »  n  >  3/2  -  v  (43) 


end  hence  lies  iti  the  tenge  n  <  D  <  n  +  i.  As  in  one-dlmenrion,  2  is  a  measure  of 
toughness.  In  two  diner-siona,  tor  example,  D  •=  2+  (marginal  fractal  >  corresponds  tc  a 
•smooth’  (ie  almost  differentiable)  surface  wherees  3  »  3"  is  very  rough  and  virtually 
volume  filling.  Further  smoothing  esn  again  be  achieved  by  extending  the  range  of  v  as 
described  in  section*  2  and  3.  The  analogue  cf  a  Markov  process  in  higher  d\m« isions  is 
when  v  +  (n-l)/2  In  equation  (42)  ie  integral  and  the  equation  ..my  be  solved  Lv  finite 
difference  methods.  An  interesting  example  is  the  case 

V2hu(r)  -  e(r)  ,  (44) 

which  ie  Poisson's  equation  for  the  potential  h  (r)  due  to  random  £  correlated  charges. 
In  one-dimension  t\> (r)  »  hj(x),  a  Brownian  aub-frcctal;  in  two  dimensions  v  ■/j>/2  and 
ha/v€r)  in  a  margins T  fractal,  wheo  as  in  tore*  dimensions  v  •  ±  and  hp(r)  is  a  Brownien 
fractal . 


Por  v  *  (n-l)/2  fractional,  equation  (£2)  may  be  solved  numerically  Maine,  the 
integral  form  (41)  and  fast  Fourier  transform-.  Ke  have  used  this  method  1  to  generate 
surfaces  which  are  at  leaat  once  dif ferentieblo  (v  >  3/2i  from  which  surface  gradients, 
»(r)  •  Vh(r),  are  computed.  This  data  has  been  used  -to  simulate  free  propagation  of  a 
planar 'wavefront  in  the  geometrical  optics  limit.  .  Figure1 8  shows  contrast  plots  (cross 
sections  through  rays)  at  a  fixed  distance  from  the  parent,  wavefronts  for  3/2  <  v  <  7/2 
in  stops  of  1/4..  As  in  one  dimension  (see  figure  7).  the  fluctuations  increase  from 
virtually  none  (figure  8,  -op  left)  to  q‘’ite  large  /slues  at  the  end  cl  .he  sub-fractal 
regime  (centre  of  figure  i)  vtere  caustics  are  just  beginning  to  form.  These  become 
•harper  with  increasing  v. 


Figure  7.  Ray  propagation  from  sub-fractal  wavefronts  generated  by  fractional 

integration  of  white  noise,  (c)  is  the  Brownian  sub-fractal,  figure  3b. 
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Pigure  8.  Contrast  plots  of  rtys  from  two-dimensional  wavefr'-nta  after 
free  propagation*  v  -  1.5  (rays  juot  defined)  to  '  •  3.5 
(v  -  1.5  twice  integrated)  in  steps  of  0.25. 

Finally,  let  us  briefly  consider  ray-propagation  in  an  extended  medium  with 
refractive  in^Ux  u(r).  AS  thu  rays  propagate  their  directions  change  continuously 
according  to  the  equation  il81: 

da 

U  ■=  Vp  -  e(e.Vy)  (45) 

where  e  is  a  unit  vector  along  a  ray  and  ds  an  element  of  path.  Setting  w  »  u0  +  4u  , 
where*?  t  y  >  ■»  0,  a  multi-scale  stochastic  field  y(r)  may  be  simulated  using  equation 
(41)  with  the  replacement  h(r»  -*■  d y (£.)  and  equation  (7$)  then  solved  numerically  using 
finite  difference  methods.  fhis  has  been  done  in  two  dimeneions  ueing  eesentially  the 
saau  data  which  generated  the  freely  propagating  wave  front  v  whose  contrast  patterns  were 
shown  in  figure  8.  The  results  ers  plotted  in  figure  9  which  clearly  shows  the 
progression  troo  'turbulent  flow'  to  s  more  'laminar  flow'  with  greater  fluctuations  in 
ray  Jer.sity  due  to  bunching  and  anti-bunching  of  bundles  of  rays. 


I 


\ 


\ 


»  2.5 


v 


3 


9.  Ray  diagrams  showing  geometrical  wavefronts  for  a  one-dimensional 
plane  wave  propagating  through  multi-scale  random  media. 


5.  rt—UlT  AMD  OOMCUWICBS 

in  this  paper  we  have  Analysed  a  class  o£  multi-scale  stochastic  processes  which 
remain  statistically  invariant  under  certain  scaling  transformations. 

Such  processes  have  been  generated  numerically  from  white  noise  using  standard 
Fourier  techniques  and  a  wide  range  of  examples  havs  been  presented  graphically  to 
illustrate  the  versatility  of  the  model  in  simulating  a  broad  spectrum  of  naturally 
occuring  random  phenomena.  In  particular,  we  have  used  the  model  to  discuss  wave 
propagation  in  the  geometrical  optics  limit. 

It  is  hoped  that  future  work  will  concentrate  on  accurate  determinations  of  the  ray 
statistics  and  correlation  properties,  an  extension  of  the  techniques  to  full  wave 
propagation,  and  application  to  the  simulation  of  image  degradation  and  reconstruction. 
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SUMMARY 

b  (fab  paper,  we  unify  wave  propagation  through  a  deep  pfaaae  screen  in  which  the  properties  vary  randomly  both  with  time 
and  space.  Two  approaches  will  be  discussed.  One  is  analytical,  the  other  involves  numerical  tinulatian.  In  the  analytical  approach, 
asymptotic  expressions  for  the  space-time  cortehtlion  functions  of  the  wave  field  are  derived  for  the  case  cf  rausrian  random 
irregularities.  Per  the  simulation  approach,  general  prescribed  space-time  random  variations  c  irregularities  are  generated  ana  am-u  to 
reptcecM  a  time  varying  phase  screen.  This  technique  can  be  used  to  model  a  screen  with  a  power-law  type  of  irregularity  spectrum. 
Numerical  propagation  code  is  then  used  so  compote  the  wave  fields  at  the  reception  plane  from  which  statistics  will  be  calculated.  The 
relations  between  the  statistics  of  the  wave  fields  and  the  space-time  variations  of  the  medium  will  be  discuixd.  Applications  of  the 
results  will  be  discussed. 

INTRODUCTION 

The  concept  of  a  "phase  screen"  is  often  used  as  a  simplified  model  in  problems  involving  wave  propagation  through  a  slab 
containing  continuous  random  variations  in  refractive  index.  This  model  hat  been  extensively  used  to  study  scintillation  effects  caused 
by  the  atmosphere,  ionosphere  and  interplanetary  medium  (e.g.  Booker  and  M^jidiAhi,  1981;  Rino,  1981;Scottetal.,  1983).  Most  of 
the  work  has  concentrated  on  studies  of  the  spatial  correlation  function  or  spectrum  of  the  intensity  fluctuations  that  develop  after  a 
wave  encounters  a  random  phase  screen.  The  temporal  correlation  or  spectrum  is  usually  obtained  by  invoking  Taylor's  frozen-in 
hypothesis  Notable  exceptions  may  be  found  in  the  work  of  Jakeman  and  Pusey,  (1975)  and  Wemik  et  al.,  (1983)  where  the  spnee- 
time  correlation  was  studied  for  models  that  allow  for  random  temporal  variation.  These  studies  were  restricted  to  the  far-field  of  a 
screen  with  Gaussian  irregularities,  and  a  screen  with  power-law  irregularities  and  small  phase  variance,  respectively. 

In  this  paper  we  consider  the  space-time  intensity  correlation  function  caused  by  a  deep-phase  screen  with  a  realistic  model  for 
the  random  space  and  time  variations.  We  first  review  an  analytical  approach  based  on  the  Huygens-Fresnel  integral  to  study  the 
screen  with  Gaussian  apace  correlation  and  time  variation  modeled  by  giving  the  phase  irregularities  in  the  screen  a  distribution  of 
velocities.  Some  interesting  aspects  of  the  resulting  intensity  correlation  function  will  be  noted  and  discussed,  b  particular,  we  study 
the  case  where  the  time  variation  it  caused  purely  by  rearrangement,  i.e.  the  avenge  drift  velocity  of  the  irregularities  is  zero,  b  the 
focusing,  or  non -Gaussian,  regime  of  intensity  fluctuations  we  find  that  the  temporal  correlation  function  exhibits  peaks  that  are 
displaced  symmetrically  from  mo  dine  lag  for  spatial  separations  larger  than  width  of  a  “focusing  spike".  A  physical  interpretation 
will  be  given  for  this  phenomenon.  The  characteristic  spatial  and  temporal  scales  of  the  intensity  fluctuations  in  the  non-Gaussisn 
regime  win  be  shown  to  yield  a  characteristic  velocity  for  the  intensity  fluctuations  that  is  smaller  than  the  characteristic  random  velocity 
sssoniatnd  with  the  underlying  phase  screen.  Then,  in  section  2,  we  describe  a  numerical  sfrimlttion  procedure  that  can  be  used  to  study 
more  general  typea  of  phaae  correlation  functions  and  temporal  variation  model*.  We  will  show  that  the  simulation  gives  results  that 
agree  closely  with  the  anslytical  approach.  Some  results  for  a  screen  with  power-law  irregularities  will  alto  be  presented.  Finally,  we 
present  a  set  of  examples  that  correspond  to  a  realistic  ionospheric  scintillation  measurement  where  the  irregularities  have  an  average 
drift  as  well  as  random  temporal  rearrangement. 

1.  FORMULATION  AND  ANALYTICAL  APPROACH 

We  uotisider  a  plane  wave  propagating  in  the  +t  direction  incident  on  a  one-dimensional  phase  screen  located  at  z^>.  The 
complex  amplitude  of  die  wave  field  in  a  plane  at  a  distance  a  from  the  screen  can  be  written  under  the  Huygens-Fresnel  approximation 
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Using  (IX  the  intensity  of  the  wave  field  can  be  found. 
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The  imettsity  correlation  function  in  a  plane  at  a  distance  z  from  the  screen  can  be  derived  from  (2)  and  is  given  by  (Jakeman,  1982): 
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B,(x,t)  =  <I(0,*,0)I(x,z,l)>  JJexpf |(u,w,t)] exp[ -j | w(u+x) ] dudw  (3a) 

2*t  1 

where 

|(n, w.t)  -  -2B^(0,0)  +  2B^(-u,t)  +  2B^(w,0)  -  B^(w-u,t)  -  B^(-wu.t)  <3b) 

where  k  is  the  free  space  wavenumber  and  B^(x,t)  is  the  space-time  correlation  function  of  the  phase  variations  in  the  screen  which  is 
defined  as: 

B^(x,t)-<«0,0*(x,t)>  (4) 

We  now  consider  the  model  for  the  phase  correlation  function.  We  adopt  the  random  motion  model  introduced  by  DeWolf 
(1975)  in  which  die  screen  is  built  up  from  a  superposition  of  individual  irregularities  (eddies)  with  a  specified  cross  section  i.e.: 


«x,t)-C 


1-1  kr-l 


f(X  -  Xy,  lj) 


(5) 


where 

C  -  normalization  constant 

N|  -  r'lnber  of  eddies  with  scale  size  1; 

M  -  number  of  scale  sizes 

xu  »  position  of  kth  eddy  with  scale  size 

ftx.l)  a  profile  of  the  eddies 

»t<  >  amplitude  of  k’th  eddy  with  scale  sire  1; 


This  is  a  very  general  model  lor  the  dmr  varying  phase  screen  and  allows  for  a  range  of  scale  sizes  through  the  parameter  1  j.  The  time 
variation  is  introduced  by  allowing  the  amplitudes  and/or  positions  of  the  eddies  to  be  functions  of  time  We  chose  to  represent  the 
screen  in  form  given  by  (5)  because  this  representation  is  convenient  for  direct  numerical  sirauladm  of  time  vaiying  phase  tercens. 
For  this  study  we  assume  a  Gaussian  profile  for  die  individual  eddies,  i.e. 

2 

f(xJ)«exp(--£-)  (6) 

2r 


To  model  a  phase  screen  with  3  Gaussian  correlation  function  we  can  set  M*1  in  (5).  Using  (6)  this  model  gives  a  spatial  correlation 
function  of  tho  form: 


BW  «  oj  exp(  - 


(7) 


where  Gg2  is  the  varisnee  of  the  phase  fluctuations.  For  this  study  we  introduce  temporal  rearrangement  into  the  model  by  assigning  s 
constant  but  random  drift  velocity  to  each  eddy,  tie.  in  (J)  we  let  depend  on  time  through: 

xk,(t)-xkjo-v1.t  (8) 


where  xgg)  and  vy  are  die  position  at  M),  and  velocity  of  the  k'th  eddy  with  scale  size  Irrespectively.  From  here  on,  we  assume  that 
xyo  is  uniformly  distributed  over  the  screen  and  vgj  are  independent,  normally  distributed  .random  variables  with  mean  v0  and  variance 
a,2.  We  also  assume  that  the  initial  position  and  velocity  of  the  irregularities  are  independent  In  this  case,  the  space-time  correlation 
function  will  have  the  form: 

B^(x.t) »  J  B^(x-vt)  p(v)  dv  (9) 


where 
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p (v) 


(10) 


For  the  special  cate  where  B^(x)  it  •  Gaussian  spatial  correlation  function  (e.g.  equation  (7))  it  is  possible  to  obtain  a  simple  closed 
form  expression  for  the  ipace-dme  phase  correlation  ftincdon: 
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whew  the  dme  dependent  parameter'll)  is  defined  by; 


K0 


(12) 


The  parameter  Tr  may  be  thought  of  as  the  "reanangenrnt"  time  of  the  screen.  Note  that  this  model  is  not  separable  in  the  space  ai-d 
time  variables.  This  is  s  consequence  of  the  fact  that  the  random  temporal  variation  ir  introduced  through  convective  rearrangement  of 
the  screen.  A  separable  model  would  result  if  the  amplitudes  instead  of  the  positions  o'thr  scattering  centers  were  allowed  to  change 
randomly  In  dme.  The  model  described  by  equations  (11)  and  (12)  can  be  used  in  equation  (3)  to  study  the  space-time  intensity 
correlation  function.  Jakenum  and  McWlirter  (1977)  have  studied  the  spatial  intsnsqv  correlation  function  using  s  Gaussian  correlation 
function  (i.e.  equation  (7)).  They  derived  an  asymptotic  result  that  is  valid  when  c*2  »1 .  The  space-droe  correlation  function  can  be 

studied  in  a  similar  manner.  The  resulting  expression  is  somewhat  lengthy  and  will  not  be  repeated  here.  It  should  be  noted  that 
evaluation  involves  the  computation  of  two  one-fold  integrals  which  are  computed  using  on  adaptive  integration  routine.  The  Analysis 
is  given  in  Ranke  (1987).  The  result  can  be  expressed  in  terms  of  the  following  dimensionless  parameters' 


T  ■— 


Jtkeman  and  McWhirter  (1977)  have  identified  the  parameter  q-1  as  the  effective  number  of  statistically  independent  scattered? 
that  contribute  to  the  field  at  a  point  in  the  reception  plane.  Wheo  q^is  large,  the  in-phase  and  quadrature  components  of  the  complex 
amplitude  are  independent  and  normally  distributed  and  the  statistics  of  the  field  are  raid  to  be  "Oautsian".  In  this  limit,  the  intensity 
floatations  are  Rayleigh  distributed.  When  tr  * .is  near  unity,  the  fluctuations  are  non-Oanasian,  and  the  intensity  it  dominated  by 
focusing  "spikes"  of  width  on  the  ostler  of  lodv2o^).  The  Oautsian  limit  for  the  space-time  intensity  correlation  function  can  be 

obtained  directly  by  invoking  the  fbetorixation  theorem  for  Oautsian  fields  (Yeti  and  Uu,  19S2)  which  gives; 

B,(x,t)  ■  1  +  exp(  -  D^(x,t)  ]  (13) 

where  Dt&t)  is  die  phase  structure  function: 

D  (x,t)  m  2  [  B  (0,0)  -  B  (x,t)  1 

*  ♦  ? 


(14) 
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Note  dm  far  torn  much  waller  than  the  ww  jemant  dm*  of  dta  screen,  (13)  eta  bewrtaea(u*lng<ll))ai: 


B,(*4)  - 1  +  «p(  - 


((x-y0t)J  +  O*tJ )] 


(15) 


b  this  ceee,  the  moaned  inter  sity  conektioe  funettoo  hu  s  tpetial  correlation  scale  lc  «  and  t  temporal  correlation  Kale  % 

11»  Intensity  cctrelation  fanctieo  can  be  characterised  by  defining  n  characteristic  umaintM  velocity  far  the 
ittmrf«ypMeravc*l</tc"<V  Note  that  dis  characteristic  velocity  1*  the  time  as  the  width  of  the  random  velocity  distribution  la  (he 

torn.  It  should  be  noted  that  Werolk  w  «1  (1953)  h«v  j  shown  that  the  wane  retiikrahlp  holds  true  for  intensity  flncttatkw  dm  to  a 
shallow  acroen  when  c*J«l.  In  what  follow*,  the  relationship  between  the  velocity  tUstributfcai  in  the  *cnen  and  characteristic 

velocity  of  the  intensity  pattern  wiU  be  extmkted  for  the  deep  mn  in  the  cue  when  the  statistics  me  eon-Ganmian. 


For  illustration,  we  consider  two  caaea  ft*  which  the  apace  conelatk*  was  also  studied  by  jekamtn  Nad  MoWhhaar  (1977). 
In  bath  caaea  the  phaae  variance  af  *  100.  The  parameter  q'1  it  1.38  and  Z45  for  caaea  1  and  2,  respectively.  The  intenaity 
w!tMiiiwtn«  halea  S«  "  (<P>  -  far  both  caaea  i«  greater  than  1.  to  that*  example*  correspond  to  intend ty  flucmatian*  in 

the  focuaint  regime.  Figure  le,b  thcvi  ooneour  plot*  of  the  noamalimd  inasnaity  eeweriaaoe  function  C|(x,t)  for  theae  two  example* 
where: 


B,(M)  - 10 


(16) 


In  theae  figure*,  the  apetUl  covariance  function  Q(x,0)  coiretpooda  to  the  cut  along  the  vertical  axil  end  the  temporal  covariance 
fbactkmC|((ta)ecmapoodaU  the  cut  along  the  horiaoatal  axle.  The  hnereadag  ahipe  of  the  coMoun  it  evidence  that  the  intmiity 
covariance  is  not  tepaaable  in  die  apace  and  time  variable*.  Note  that  width  of  the  apace  covariance  i*  ^prwtimately  the  tame  for  the 
two  caaea.  This  can  be  aeen  by  noting  that  the  03  level  cootocr  intersect*  foe  vartoel  axil  re  a  eonaaBaed  space  lag  of  tpproxlmnteiy 
0073.  Jakoman  and  Me  Whiner  (1977)  thawed  that  the  grace  covariance  trill  be  rtnmjnated  by  a  component  with  characteristic  tcale 
or  in  nontraHrod  coordinates,  UTTOSt).  for  both  of  them  srrenpbn,  thia  senh  is  0,071  in  aorarallasd  coordinates.  On  the 
odter  hand.it  i*  seen  that  the  temporal  coherence  time  it  tigplficaady  difitaent  for  the  two  example*.  For  case  1  where  q-*  -  l.M,  the 
0.3  level  contour  intersects  the  normalised  time  axis  at  0131.  For  caae  2  where  q‘* »  243.  the  temporal  covariance  falls  to  0.3  at 
nonnaliaed  time  0080.  The  temporal  coherence  time  ia  longer  for  the  caae  dial  conetpoMt  to  the  fewest  number  of  independent 
scattering  contributions.  It  is  interesting  to  compute  a  characteristic  random  velocity,  Vj,  for  the  intensity  flucoatktns  where  vc  is  the 
quotient  of  the  characteristic  length  and  time  scales.  For  caae  1  we  find  vt  «  057o„  and  for  case  2,  vc  -  or  Note  that  the 
characteristic  random  velocity  associated  with  the  intensity  fluctuations  is  smaller  than  that  of  the  underlying  phase  screen  for  the  case 
corresponding  to  the  smaller  number  of  independent  acanering  contributions. 


Another  interesting  aspect  of  the  temporal  covariance  function  can  be  seen  by  eramiaing  horiaoolal  cuts  through  Flyure  la,b. 
This  ia  shown  in  Figure  2  where  the  temporal  covariance  for  caae  1  is  ihown  for  normalised  apatiai  reparations  of  0.0, 0.05,  a  10  and 
0.13.  Note  that  far  apalial  separations  forgm  than  the  characteristic  width  of  the  apuce  covariance,  the  temporal  covariance  exhibits  a 
peat  that  is  displaced  from  0  time  lag.  Because  of  the  tymmetry  of  the  covariance  function,  a  peat  would  also  be  seen  at  the  tame 
Motive  time  lag.  This  peak  suggests  the  fallowing  physical  interpretation:  In  the  focusing  regime,  the  intenaity  ia  dominated  by 
spites  of  width  V/(v2a^).  If  ,wo  receivers  ire  separated  by  more  than  the  width  of  a  spike,  then  it  is  likely  that  when  receiver  #1 
*aoe*“  a  spike,  receiver  «2  will  not  (or  vice  vena).  In  this  cast,  the  intensity  covariaac*  wiU  be  nmll.  Because  of  the  temporal 
management,  however,  it  is  likely  that  uut  time  later,  a  similar  tptke  win  be  aeea  oo  receiver  #2.  Of  course,  by  the  time  the  spike  is 
seee  on  receiver  #2  it  may  have  charged  its  dtape  appreciably,  so  the  correlation  is  relatively  smell.  It  is  tempdrg  »  associate  this 
phenomenon  with  the  fact  that  we  have  introduced  time  variation  through  oonvective  morions  of  the  individual  scattering  centers.  To 
check  diia  hypothesis,  we  also  computed  the  iataneky  oovariance  using  a  separable  model  for  the  phase  correlation  function,  le.: 


B^(x»t) «  e 
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Tula  model  could  result  bom  a  situation  where  temporal  variation  come*  horn  random  fluesuadont  of  the  amplitude  (but  not  position) 
of  the  scattering  centers.  It  ia  intrreating  to  ante  that  we  found  it  similar  phenomenon  for  this  model  as  well  In  fact,  the  overall  shape 
of  the  intensity  covsriaace  contoui  were  very  similar  to  those  shown  in  Figure  1 .  The  reason  that  tee  intensity  covariance  is  very 
similar  for  both  seperrble  and  non- sparable  phase  oanetadoa  eaedeis  it  to  tetbe  fact  dm  <ht  iaaeadty  covariance  is  appreciable  only 
for  tbne  lags  which  me  reach  smeller  then  dteresnangeasmt  time  of  the  screen.  For  such  titort  lags,  both  models  have  essentially  the 
Irene  (separable)  form.  In  other  words;  whether  the  time  variation  is  caused  by  convective  rearangemeet,  or  time  varying  amplitudes, 
the  effect  ia  the  reception  plane  under  focudag  conditions  is  evidently  to  cause  the  focudng  qikes  to  randomly  "eonvect". 

In  the  following  section,  we  describe  the  results  of  a  numerical  dmuladon  procedure  that  has  been  used  to  che,  the  analytical 
results.  The  procedure  will  also  allow  us  to  consider  more  general  models  for  the  phase  correlation  function  and  temporal 
reareangemett  mechanisms 


Z  NUMERICAL  SIMULATIONS 

The  analytical  approach  that  was  reviewed  in  the  previous  section  is  United  by  the  condition  that  (JgJ»l  and  by  die  need  for  a 
relatively  simple  doeed  form  expression  for  B^(x,t).  Using  die  model  given  in  equation  (3)  it  is  relatively  simple  to  numerically 
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affrawaWndMa  aria  la  ia  fraa  fra  —rang—  fraa  affraaaaaa.  Wetoereforegtonrn»dwaequivatom  to  —  which  would 
be  ohiatoed  to  in  enparimsat  with  2041  todMdaal  receivers.  U  tboaU  ba  noted  tha  owe  aaa  be  taken  a  ensure  that  tha  spatial 
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Bfsn  3  shows  1  anall  action  of  «  sequence  of  phase  screens  fra  wen  geac—d  using  fra  simulation  progrrm.  hack  sc:eem 
ntaTwp  cads  toons  to— tin  time.  Ia  frit  example  oaky  ■  tingle  soak  sia  it  oaad  tad  da  average  toift  velocity  of  the  irregularities  it 
ant  That,  the  Bmparal  snsugnmm  it  dne  oaly  so the  nsutom  ooovective  unborn  of  tM  indtvidusi  addfce.  Becatue  the  phase  a  any 
frdns  ia  fr*  wseen  remits  from  fra  superposition  of  aaay  afrhM  it  It  not  poastoto  a  fallow  fra  morions  of  tha  iadivifrai  components 
of  the  screen.  The epooe-time correlation fanoticn far ihit example was composed tad foaad to bt ia exceilont agreement with the 
analytical  result  given  in  equation  (11).  Hya  4u.b  Mows  fra  jaaafrty  covariance  fanction  computed  from  a  jjatJadoc  using  fra 
tame  p—nMan  that  were  used  in  Hgurela,h  Thtmaxtoeam sad  time  tags  for  the  results  to  Kgm  3  msmaUer  than  those  in 
R|w*  la,b.  Thus,  these  contours  correspond  to  the  k>war  left-hand  coroen  of  Figures  It  and  lb.  Note  that  the  characteristic  shape 
of  fra  contours  it  alto  aeon  in  da  simulation  results.  If  the  characteristic  random  velocity  of  da  intensity  correlation  Auction  is 
computed  from  the  simulation  results  by  using  the  0.52  level  contour,  it  is  found  to  be  Q.53<%  and  0.72ov  for  cases  1  and  2. 
napectivety.  Again,  da  chnacaristic  velocity  is  aipiflcaMly  smaller  than  dal  of  da  underlying  pham  screen  for  da  flnt  case  where 
tto  number  (/Independent  scattering  contributions  is  leoall.  In  addition,  th:  peak  in  the  amporal  covatianoe  is  present  fo.  space  lags 
larger  dan  the  characteristic  length  scale  of  da  intensity  pattern. 


The  results  presented  so  far  pertain  only  to  the  phase  screen  with  Prussian  correlation  Auction.  A  more  realistic  model  Air  the 
iunosphere  and  interplanetary  medium  would  be  a  phase  screes  with  a  power-law  type  ytnnn,  e,g. : 
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r  -  -p-  ■  outer  scale  wavenumber 


p  ■  epnctralhidM 

Per  the  ktnosphere.  the  appropriate  spectral  index  so  use  in  the  model  is  p.3  (Yeh  aod  Uu,  1982).  We  have  used  the  model  given  in 
equation  (5)  to  simulate  the  power-law  type  phase  screen.  The  procedure  used  to  choose  the  scale  sisc  and  wnpHtude  dtstribubon  for 
the  eddies  it  described  in  DeWotf  (1975).  We  consider  two  examples  using  parameters  appropriate  for  the  ionospheric  scintillation 
nae.  Htodtatenou  ftotn  the  phase  screen  to  the  reception  ptam  ien-350  km.  frequency  M50  MHi,  power-law  index  p«3,  outer  acale 
titol^Ws^lOkm.  In  both  cases,  the  avenge  drift  volodty  of  the  irregularities  was  set  u  aero,  and  the  etandanl  deviation  of  the 
velocity  was  30  nVs.  Figures  5a,b  show  the  intensity  covariance  oootouri  for  cates  with  c^  >3  aivl  5  radians,  respectively.  These 
correspond  to  intensity  scintillation  indices  S4  «  0.7  and  0.9,  respectively.  Noes  that  the  in  tensity  correlation  y-|U-  site  is 
toprosisnaicly  120  metors  sad  95  metere,  respectively,  The  characteristic  random  velocity  for  these  examples  is  found  to  be  vc  »  22 
and  23  oafs,  retpec'lvely,  if  the  0J  level  contours  «re  used.  Thus,  as  ia  the  Gaussian  esse,  the  chmcteristic  velocity  of  the  intensity 
flnetoation  ptowre  is  tiguMeendy  nadlw  than  that  0#  the  underlying  phase  screen.  The  power-law  ccvwiance  contours  appear  to  be 
■Mrty  cflipwiidal  out  to  the  maximum  space  end  time  lags  that  were  computed.  The  non- separable  form  that  was  evident  in  the 
Oauszian  examples  could  possibly  appear  for  larger  q>ace  and  time  lags,  however. 

The  exmoples  that  have  been  ^accented  so  far  pertain  to  the  case  where  the  mean  <hifi  velocity  of  the  irregularities  is  aero.  A 
timuiatian  that  mate  dorely  represents  an  actual  iono^heric  scintillation  experiment  can  hr  performed  by  todnding  a  realistic  avenge 
fail)  velocity  in  the  model.  To  illustrate  some  of  the  Qualitative  features  of  ttw  ipacn-rme  fer  nils  case,  we  tan  th*  shrMtMiwn 
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ustag *  MM  Jr*  velocity  of  100 1V1  with  a  ttaadara  deviation  of  30  aA  All  other  pnm  «n  the  hbm  m  tor  Dm  fnvfeue 
powerkweaeapk.  Thkk  wpr iiiatsii ve  of  ri*  avenge  end  flawdag  drift  noapn asm  Aestre  eeeak  the  ogaetorkl  megtoa 

dark*  AepeMaaaet  A  MMalfMak  period.  "*| — *•* - — ‘••“■-‘-irT'TirTlarTiedMi  ntdminnri'iashiuiuilni 

— ft  m  sad200Mnkre(hollDMi»»GplkAasocopdotpkiiol - - —*‘*‘  r*~T*  t~~  ta~*  ~h  ~lr*m  ~  T  aim  The  two 

#p«oarve«ho»iheoooribeibyriBpkocf3kiiorityke.  ThoMkHIkika  lake  tot  Ak  estrpk  wetaianaliiaaljOS.  This 
w—pkikivieAeii— a— Mofd»kwrityp—rt  dwkgAel  Muoadktntiri  AnthMhMkribaecteeaioAtfiAe  lQOnear 
k—itiiwiitiwkw.  Hp^AhAdshoweeeetafiinpniilnomlilltetonutoasfctAeiMaipOTMiiiiitiiito^-  1, 

3,  l0,ead30tadkM-  1Titmi^riTTTpTiTiilTiMirirtfirilnflm7 ntnnnn  Iflti  WltniUHIiaw.  whllt fm  the  Im> me the 
■pwkM  mi  30,  CO  ad  90  an.  The  sdartUartoa  kdka  for  tea  cat  wort  ipprmlraMly  03,  00  1.0  ad  1.0 
twpecdvaly.  RAoaldbeaoiedAttAeMMeietofph«MacnentwetMedioaeMraieril4ceaee.  Only  Ae  "ckpdr  of  the  acme  wna 
Hanged  Tl»ieealBri>owalaHgBWe7tead7dcaneepcodio*weeh‘aad*saintaied*  rkdlkdoM,  reepecdvely.  Hi  p—aMW 
eeedk  Ad  ricealadoa  see  typical  tor  an  loaoephwk:  ecktakdon  wpakaat  3om  girarsl  characteristic*  of  the  temporal  covariaaoe 
akiwdl>wdiii aiapko  At  AesuktBkdnniaiaoAkwnaeMAowtdAof  AecoveikacsftiacaoadscnaaBsdasioAs 
dwtkpaanifarwMfcaikp^flmadtMaallyofcoaBpaaa'IlaaawM’kkikaMkypa— .  la  addition,  As  peak 
ccwarisaoe  tkcNasee  mo  i^ldy  ok  konaring  nodM  Hpniko  u  tk  tokPiiki  aopl  Inutoao.  Tide  eeqnence  tiketreset 
Aatarektivefy  aanowdklribatiea  of  vekeftkekAepheMicreeacaapndueeveqriigaMcArtdeeaaetatioakAe  tensity  pattern 

tor  wBtokrty  won*  kkwky  ancotatioae.  h  ado  showa  that  a  peek  veins  of  the  oormabaad  covwtsac*  U  a  asnsitive  tncticanr  of 
As  taktivakAMnaueofiaamagiiMni  whan  tin  sckrflkiinakveiy  seven. 

3.  DISCUSSION  AND  CONCLUSIONS 

Tbs  Maks  pretested  k  At  pterions  tactions  tor  kwuky  fluctuations  k  to*  focaki  ad  amnkd  regimes  have  ban 
kastpnnd  token  of  chtncnrisdckagA  tad  dsns  seeks  hisimparaasnaokAatMchacharaciiritatioaitlkoalypaftof  Aetiuty 
aed  cannot  tdsqoanty  represent  ill  feensms  of  the  oovariince  functions.  k  particular,  tbt  chanctarittic  aoe-etpambk  tape  of  Dm 
covariance  fractions  that  wet  atea  tor  As  Oeeesiaa  pka  condition  function  ii  owe  mpk  Rather  soaiy  it  necessary  in  coder  lo 
dtvtkp  relatively  simple  models  da  lend  physical  bright  into  tbt  kace-ttoae  scattering  process.  la  this  regard,  tbo  "riacro  area" 
appratcb  nad  by  Mata  (1974)  may  to  appropriate  tor  studying  ihk  typo  of  system. 

On  molts  nay  hsve  important  impticatioos  for  apUcadoiu  trim  one  would  like  to  estimate  tbo  velocity  distribution  in  the 
screen  from  the  intensity  measurements.  For  example,  experimental  measurements  of  ionospheric  ud  interplanetary  scintillation  are 
otfcn  uied  to  estu  uue  tbo  averts*  *“d  random  components  of  tbo  drift  velocities  la  tbt  propagation  medium.  For  caaoa  where  the 
nadon  velocity  it  of  baa,  a  aapartatakUm  taaka  me  of  a  assumption  about  At  tom  of  the  apace  torn  condition  tonedoo 
that  «u  originally  introduced  by  Briggs,  Philips  odd  Stine  (1950).  These  autbon  nosed  that  toy  correlation  ftmedoo  that  is  twice 
differentiable  at  the  origin  can  be  written  in  the  form: 

(*-vo02  ,i 

Bfx.t)-« - ;2— +  — )  (19) 

i  i 

where  1,.  and  Tt  we  tpace,  and  time  correlation  scales,  respectively.  Vinous  methods  have  been  devised  to  estimate  Asm  scales  from 
time  aeries  of  intensity  B-jctuations  measured  on  two  or  more  Ipacod  receivers.  The  characteristic  random  velocity  vc  -  yv  U  then 
takes  to  be  *  motion  of  Ac  relative  importance  of  temporal  retirengements.  As  noted  eartier,  for  the  caw  of  weak  scintillation*. 
Wandk  at  al  (19C3)  showed  that  the  vc  praetor  k  nomtrically  equal  to  the  wid*  of  As  random  velocity  Attribution  in  the  phaie 
aaeea  itself  tf  the  Buctutoote  we  camed  by  a  temporal  n  wraafaneut  model  tike  the  ooe  prewnied  in  tbia  poper.  At  noted  to  wetkm 
l.AkoopatlioadacaakoboldihrAecaiaofadawtewalfAeiawaltvniictuaiinMiaeiaiimtwttinMiarisafiueiiwiinM)  On  the 
other  hand,  both  the  analytical  ad  Emulation  retain  pretested  ben  (Low  that  tbe  chamcteriatic  velocity  derived  from  intensity 
aacnadoa  to  Ae  noaOauniaii.  or  fbcurinp.  reptoe  will  be  mailer  than  tbe  widA  of  tbe  phase  icieen  velocity  dkaibudoo. 
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Figure  la. 


Contours  of  constant  normalized  intensity  covariance  for  a  phase  screen  with  Gaussian  correlation  function  and  q' 
1  38.  o^2  •  100.  The  average  drift  velocity  of  the  irregularities  was  set  to  zero. 


Figure  lb.  Same  is  Figure  la.  except  q’1  *  2.45. 


Temporal  covariance  function  canespondbtg  »  horizontal  cut*  through  Figure  It  at  normalized  receiver  separations  of 
0.0. 0.03.  0.10,  and  0.13. 


A  section  of  >  sequence  of  phase  screens  generated  using  the  sim’Jatian  procedure.  Each  screen  corresponds  to  one 
instant  in  time.  Rjr  this  example,  only  a  single  irregularity  scale  size  is  used  and  the  avenge  drift  velocity  of  the 
irregularities  is  set  to  mo. 


Contour  Interval  =  0.04 


Figure  4a. 


Contours  of  constant  normalized  intensity  covariance  computed  using  the  numerical  simulation  technique.  Tne  phase 
screen  parameters  are  the  same  as  those  in  Figure  ’a.  The  maximum  space  and  time  lags  in  this  Figure  are  smaller  than 
those  in  Figure  la. 


Contour  Interval  =  0.04 


Figure  4b.  Same  as  Figure  4a,  except  tbe  parameters  used  in  the  simulation  were  the  same  as  in  Figure  lb. 


Figure  6.  Time  series  of  the  intensity  fluctuations  on  3  receivers  located  atx-0, 100, 200  meters  in  the  reception  plane  generated 
using  die  numerical  simulation.,  For  thi'  case,  the  average  drift  velocity  of  the  irregularities  was  100  nVs.  and  the  width 
of  the  velocity  distribution  was  30  m/s.  The  rms  phase  fluctuation  in  the  screen  was  =  5  and  the  scintillation  index 

was  approximately  0.9. 


(a)  through  (d)  show  temporal  correlation  functions  for  the  power-law  example  with  ran  phase  fluctuation!  of  1,3,10 
and  30  radians,  respectively.  The  receiver  seperations  are  0,100,200,  and  300  meters  in  Figures  (a)-(c)  and  0,30,60, 
and  90  meters  In  Figure  (d). 
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DISCUSSION 


A.  Ishlmaru,  US 

The  Gaussian  phase  correlation  function  is  used.  How  realistic  is 
this  model?  How  sensitive  may  the  results  be  to  the  assumption? 

Author's  Reply 

The  Gaussian  correlation  function  was  chosen  primarily  for 
mathematical  convenience  and  so  that  we  could  verify  the  numerical 
simulation  results.  This  model  is  rot  realistic  for  atmospheric  or 
ionospheric  applications,  however.  The  numerical  simulation 
technique  is  being  used  to  study  the  more  realistic  power-law 
correlation  function.  We  find  that  many  of  the  qualitative  features 
of  the  results  that  have  been  presented  here  are  also  seen  when  the 
power-law  correlation  function  is  used. 

J.H.  Jefferson,  UK 

In  your  simulations,  do  you  generate  <|(x,t>  using  two-dimensional 
FFTs? 

Author's  Reply 

No,  ve  do  not. 

J.H.  Jefferson,  UK 

Then  I  do  not  understand  how  you  bind  in  correlations  in  both  x  and 
t. 

Author's  Reply 

We  construct  the  random  screens  by  superimposing  many  individual 
"eddies".  Each  eddy  is  assigned  a  random  position  and  velocity. 

Thus,  a  screen  can  be  generated  at  any  Instant  in  time  by  simply 
calculating  the  positions  of  the  constitutive  eddies  and  then  adding 
them  together.  This  avoids  the  computer  memory  problems  associated 
with  two-dimensional  FFTs. 

E.  Jakeman,  UK 

In  the  sections  of  cross-correlation  functions  that  you  showed, 
presumably  the  peak  at  nonzero  delay  also  occurs  at  both  advanced  and 
delayed  times,  i.e. ,  the  cross-correlation  function  is  symmetric? 

Author's  Reply 

Yes,  it  is.  I've  shown  only  the  positive  space  and  time  lag 
quadrant. 
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SUMMARY  OF  SESSION  IV 
ATMOSPHERIC  EFFECTS 
by 

L-Boiiliias,  Session  Chairman 


This  session  contains  six  papers,  numbered  16  through  21,  which  may  be  classified  as  follows: 

(a)  —  Paper  No.16,  by  Clifford  et  al,,  is  related  to  millimetre  waves.  It  describes  measurements  of  amplitude  and  phase 
spectra  on  a  1  km  path  at  frequencies  between  116  and  230  GHz  with  simultaneous  meteorological  measurements.  During 
clear  air  periods  the  results  agree  with  the  single  scatter  theory.  During  rain  periods  a  high  correlation  exists  between  rain  and 
attenuation  fluctuations. 

(b)  —  Two  papers,  No.17  by  Roussel  et  al.  and  No.lG  by  Bishop  and  Larkin,  are  related  to  infrared,  ultraviolet  and  optical 
wavelengths.  Paper  17  studies  die  means  of  restoring  the  quality  of  an  image  damaged  by  tiansmission  through  the  atmosphere. 
Three  methods  are  considered:  digital  processing,  wave  front  analysis,  adaptive  optics. 

Paper  18  is  divided  into  two  parts.  The  first  one  describes  some  trials  to  measure  the  atmospheric  transmission  and 
emission  effects  on  the  performance  of  electro-optics  systems.  The  second  one  studies  the  effects  of  ozone  absorption  on  the 
design  of  a  passive  surveillance  system  working  in  the  ultraviolet  band. 

(c)  —  Three  papers.  No.  19  by  Schmiedel  and  Ochs,  No.20  by  Allen  and  No.21  by  Ligthan  et  al.,  are  related  to  various 
effects  of  attenuation  and  scattering  by  rain. 

Paper  19  describes  a  very  important  experiment,  on  precipitation  scatter,  to  determine  the  practical  effect  of  this 
phenomenon  on  telecommunications.  Bistatic  measurements  are  made  on  a  short  path  (25  km)  and  a  long  path  (97  km).  Only 
the  first  preliminary  results  are  presented. 

Paper  20  presents  observation  of  phase  delay  through  rair.  at  96  GHz.  This  experiment  is  of  great  importance  for  radar 
target  identification,  when  relative  amplitude  and  phase  information  is  used. 

Paper  21  presents  the  measurements  by  a  vertically  pointed  Doppler  radar  of  the  main  characteristics  of  hydrometeors 
influencing  the  propagation  of  an  Earth  space  path  (number,  geometry,  orientation,  velocity  of  various  hydrometeor  particles). 


EFFETS  DE  L’ ATMOSPHERE 
par 

L.Boithias,  Session  Chairman 


Cette  session  comporte  6  exposes  qui  peuvent  etre  classes  comme  suit: 

(a)  —  Un  expose  (No.16)  est  relatif  aux  ondes  millimetriques.  It  decrit  des  mesures  des  spectres  d'amplitude  et  de  phase 
sur  un  trajet  de  1,4  km  ft  des  frequences  comprises  entre  1 16  et  230  GHz,  ainsi  que  des  mesu-es  meteorologiques  simultanees. 
Dans  les  periodes  d’air  clair  les  resuliats  sont  conform  es  &  la  theorie  de  la  diffusion  simple.  Dans  les  peri  odes  de  pluie,  il  existe 
•one  forte  correlation  entre  les  fluctuations  de  la  pluie  et  celles  de  I’affaiblissement. 

(b)  —  Deux  exposes  (No.  1 7  et  1 8)  sont  relatifs  aux  lengueurs  d'ondes  infrarouges,  ultraviolettes  et  optiques.  L’expose  1 7 
etudie  les  moyens  de  retablir  la  quality  d’une  image  perturbee  par  la  transmission  h  travers  1’atmosphere.  Trois  methodes  sont 
envisages,  le  traitement  numdrique,  1’analyse  du  front  d’onde  ct  1  optique  adaptatke. 

L’expose  1 8  se  divise  en  deux  parties.  La  premiere  decrit  quelques  essais  pout  mesurer  les  effete  de  la  transmission  et  de 
remission  atmospherique  sur  les  performances  des  systemes  electro-opdques  La  deuxieme  etudie  les  effets  de  l’absorption  par 
1’ozone  sur  la  conception  de  systdmes  de  surveillance  passifs  fonctionnant  dans  1’ultraviolet. 

(c)  —  Trois  exposes  (No.19, 20  et  21)  sont  relatifs  &  divers  effets  d’attenuation  et  de  diffusion  par  la  pluie. 

L’expose  19  ddcrit  une  expdrimectation  trds  impertantc  sur  la  diffusion  par  la  pluie,  pour  determiner  son  influence 
pratique  en  telecommunication .  Des  mesures  bistatiques  sont  faites  sur  une  base  counc  (25  km)  et  sur  une  base  longue  (97  km). 
On  presente  seulement  des  premiers  resultats  obtenus. 
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LINE-OF-SIGHT  MILLIMETER  NAVE  PROPAGATION  CHARACTERISTICS 


S.P.  Clifford,  R.J.  Hill,  and  R.B.  rrita 
NOAA/ERL/Mav*  Propagation  Laboratory 
32S  Broadway 
Bouldar,  Colorado  S0303 

R.A.  Bohlandar  and  R.N.  McMillan 
Georgia  Injtituta  of  Technology 
Atlanta,  Georgia  30332 


ABSTRACT 

Prom  1983  to  19R5  a  team  of  scientists  from  Nona's  Nave  Propagation  Laboratory  and 
Georgia  Institute  of  Technology  conducted  en  extensive  set  of  millimeter  wave  propaga¬ 
tion  measurements.  In  five,  thirty-day  sessions,  chosen  for  the  widest  variety  of 
weather  conditions,  we  propagated  millimeter  wave  frequencies  from  116  to  230  GHs  over  a 
1.4  km  horisontel  path  in  Platville,  Illinois.  Simultaneous,  extensive  measurements  of 
the  meteorology  allowed  a  detailed,  comparison  of  the  propagation  characteristics  with 
the  current  state  of  the  atmosphere.  Ne  report  on  the  observations  of  milliaeter  wave 
propagation  characteristics  during  clear  air  and  severe  weather.  Amplitude  and  phase 
spectra  for  propagation  in  clear  air  are  compared  with  theory  derived  using  the  weak 
refractive  turbulence  approximation.  Excellent  agreement  is  found.  Further,  probabi¬ 
lity  density  functions  appear  to  be;  respectively,  lognorr-al  (amplitude)  and  Gaussian 
(phase  difference),  as  expected  from  application  of  the  central  limit  theorem. 
Interesting  meteorological  observations  and  their  millimeter  wave  signatures  will  also 
be  presented. 


INTRODUCTION 

Over  the  past  five  years  a  team  of  scientists  from  the  National  Oceanic  and 
Atmospheric  Administration  and  the  Georgia  Institute  of  Technology  conductd  an  extensive 
set  of  millimeter-wave  propagation  measurements.  In  five,  thirty-day  sessions,  chosen 
for  the  widest  variety  of  weather  conditions,  we  propagattu  millimeter  wave  frequencies 
from  116  to  230  GHs  over  our  1.4  km  horisontal  path  in  Flatvillu,  Illinois.  Simulta¬ 
neous,  extensive  measurements  of  the  meteorology  allowed  detailed  comparisons  of  the 
propagation  effects  with  the  state  of  the  atmosphere. 

The  details  of  the  experiment  layout  and  data  processing  are  contained  in  Reference 
1.  (Teble  1  and  Figs.  1-6  of  this  papar  are  extracted  from  Reference  1.)  Figure  1 
illustrates  the  propagation  geometry.  The  beam  propagated  1.4  km  -  4  meter?,  above  an 
extremely  flat  terrain,  chosen  for  Its  outstanding  fetch  in  all  wind  directions.  This 
enabled  us  tc  characterise  the  site  micrometeorology  with  two  Instrumented  towers  using 
Monin-Obukov  surface-layer  similarity  theory.  The  Intensity  fluctuations  were  measured 
at  each  o.  the  four  horlsontaliy  spaced  antennas  and  phase  differences  were  measured 
among  all  possible  antenna  pairs  v>th  spaclngs  from  1.43  to  a  10  ra  maximum.  The  fifth 
antenna  was  used  in  a  limited  way  to  test  the  isotropy  of  the  different  wave  parameter 
fluctuations. 

A  variety  of  meteorological  measurements  were  obtained  simultaneously  with  the 
millimeter-wave  data.  Figure  1  shows  the  optical  propagation  paths  which  give  optical 
refractive-index  structure  parameter  Cn2  as  well  as  the  cross-path  component  of  the 
wind.  Figure  X  also  shows  the  optical  rain  gauge,  optical  drop  siae  disdrometers,  and 
the  weighing  bucket  rain  gauges.  Two  micromoteorologlcal  stations  are  shown  on  Fig.  1; 
these  are  4  m  high  Instrumented  towers.  At  these  stations  the  mean  temperature  and 
humidity  were  recorded,  a  prop-vane  gave  wind  speed  and  direction,  a  thrse-axis  sonic 
ar.snonster  gave  the  fluctuating  components  of  the  wind  vector,  platinum  reeistance-wire 
thermometers  gsve  the  fluctuating  temperature,  and  Lyman-a  hygrometers  recorded  the 
humidity  fluctuations.  Ths  millimeter-wave  signals,  resistancs-wlre  temperature,  and 
Lyman-a  humidity  were  digitised  at  100  Hs.  The  sonic  ansaomstsrs  wsrs  digitised  st  25 
Hi.  The  other  instrument's  signals  wsre  digitised  at  0.39  Hx.  Table  1  shows  ths  great 
variety  o,'  clear-air  mlcrometeorologlcal  statistics  avaiiabls  from  our  instrumentation. 

Figure  2  shows  s  probability  density  function  (PDF)  of  ths  measured  intensity;  it  is 
compared  with  lognormal  and  Gaussian  PDFs.  At  such  small  intensity  variances  (0.02) 
there  is  little  differwnce  between  lognormal  and  Gaussian  PDFs,  but  the  data  definitely 
favors  the  lognormal  PDF.  Figure  3  shows  ths  PDF  of  phase  difference  obtained  from 
antennas  2  and  3,  which  'havs  a  separation  of  2.9  m.  This  PDF  is  clearly  Gaussian.  In 
addition,  we  find  that  Intensity  and  phase  difference  are  uncorrelated. 

Figure  4  shows  ths  structure  function  of  phase  for  each  of  our  antenna  pairs 
(separations).  The  structure  function  le  definitely  lees  steep  than  th*  slope  of  S/3 
that  would  be  predicted  by  s  Kolmogorov  intertisl-subrsnge  model.  This  is  caused  by  ths 
outer  ec«le.  A  very  simple  prediction  that  Includes  ths  effects  of  the  outer  scale  is 
shown  as  a  solid  curve  for  s  horisontal  outer  scale  of  2.2  m.  The  mutual  coherence 
function  (second  moment  of  the  field)  is  shown  in  Fig.  5.  Since  ths  log-intansity  and 
phase  difference  are  both  Gaussian  and  uncorrelatsd  it  follows  from  ths  weak  turbulence 


theory  that  the  Mutual  coherence  function  should  be  equal  to  exp 5t  D„  ♦  D«) )  where  D 
and  Df-  are  the  log-eapHtude  and  phaee  structure  functions.  We  find  that  this  formull 
predicts  the  values  In  rig.  S  to  within  0.5%. 

in  Pig.  t  we  show  the  normalised  variance  of  intensity  versus  the  inertial  range 
prediction  for  a  spherical  wave.  Here  the  radio  Cn2  is  obtained  fron  the  n 1c roasts or o- 
logical  data.  We  see  that  the  intensity  variance  is  sonewhat  underestimated  by  the 
inertial-range  prediction  but  consistent  with  the  phase  structure  function  shown  in  Pig. 
4.  This  dlscrepency  Is  most  probsbly  because  ot  difficulties  in  calibrating  the  Lyman-a 
hyg roaster. 


PHASE  AND  AMPLITUDE  SPECTRA 

Using  the  spherical-wave  theory  for  propagation  through  refractive  turbulence. 
Clifford  shows  the*  the  teaporsl  power  speetrun  of  log-eaplitude  fluctuations  In  the 
single  scattering  or  weak  turbulsnce  Unit  has  the  fora  shown  labeled  'theory*  in  Pig. 
7.  In  addition  Pig.  7  contains  a  log-log  plot  of  (f/f0)  times  the  log-amplitude 
spectrua  W_  versus  noratlisto  freguency  (f/f0).  The  spactrua  N  Is  normalised  to  tl.e 
log-eaplitude  variance  nuch  that  the  area  under  the  curve  la  unity.  The  frequency 
fQ  «  v//2*XL, «  where  v  is  the  cross-path  component  of  windapeed.  1  la  the  wavelength, 
and  L  *  1.4  ka  la  the  millimeter-wave  path  length.  The  dotted  (solid)  tluctuattng  curve 
represents  the  low  (high)  frequency  Fourier  transform  of  35  aln  of  log-eaplitude  date 
taken  at  142  GHs.  The  solid  “theory*  curve  fits  the  data  quite  well  until  the  high  fre¬ 
quency  tail  beyond  log  (f/fp)  “  1.  where  aperture  averaging  effects  are  important.  The 
dashed  curve  is  a  plot  cf  the  theory  including  aperture  averaging  effects!  overall,  the 
fit  to  the  data  la  excellent.  Deviations  at  low  frequenclaa  above  the  'theory*  curve 
are  most  likely  due  to  receiver  antenna  drift.  It  is  possible  from  the  theory  to  esti¬ 
mate  the  cross-path  velocity  from  the  location  of.  the  peek.  The  peak  it  predicted  at 
log(f/f0)  ~  0.43.  In  the  case  shown  the  cross-path  velocity  estimate  from  the  milli¬ 
meter  wave  scintillations  agrees  with  the  prop  vane  to  within  a  few  percent.  (Note,  the 
data  were  plotted  with  f0  calculated  from  prop  vane-ueasured  crosswind.) 

F'gure  8  illustrates  tha  theoretical  spactra  for  phasa  difference  fluctuations.  In 
contrast  to  the  log-eaplitude  result  phase-difference  is  very  sensitive  to  the  'outer 
scale*  Lp  of  the  refractive  index  fluctuations.  Consequently,  we  have  a  family  of 
curves  for  different  values  of  the  spacing  a  normalised  to  Lp.  (L_  is  the  site  of  the 
largest  eddy  for  which  the  assumption  of  isotropy  holds,  so  Lp  is  the  order  of  the 
height  above  the  ground).  The  theoretical  curves  are  plotted  versus  normalised  fre¬ 
quency  f/fj  where  fi«  v/p  and  v  ia  the  cross- path  wind  component.  Proa  our  knowledge 
of  the  wind  speed  and  the  dependence  of  the  spectra  on  p/L0,  we  can  estimate  L0  from  a 
spactrua  meatured  at  a  known  separation,  e.g.,  P12  *  l-*3  n,  and  use  that  derived  value 
L0  ~  2.8  at  for  ell  further  comparisons. 

Figures  9  and  10  show  the  theoretical  curves  superimposed  over  the  phase-difference 
r.pectra  froa  the  data  for  antenna  pairs  (1,2)  separated  by  pjj  •  1.43  a  end  antenna  pair 
(1,4)  separated  by  pn  «  10  a.  We  used  the  value  L0  ~  2.8  a  and  selected  our  curves 
from  Pig.  8  to  fit  the  data  based  on  the  ratios  pj2/lo  *  0.51  and  Oje/Lp  *  3.5 
appropriate  to  each  antenna  pair.  Tha  resulting  fit  is  quite  good.  We  could  also  asti- 
mate  croaawind  from  the  peak  of  the  spactrua  if  we  knew  the  accurate  Lp  froa  other  inde¬ 
pendent  measurement. 


MILLIMETER  PROPAGATION  THROUGH  RAIN 

Figures  11  and  12  illustrate  a  unique  measurement  of  a  rain  avent  where  the  effects 
of  oscillations  In  rain  rate  were  observed  simultaneously  by  the  millimeter  wave  link 
and  two  laaer-beea  rain  gauges,  deployed  as  shown  in  Fig.  1.  An  oscillating  rain 
rate,  probably  caused  by  a  convective  Instability  in  the  cloud  cover,  could  explain  the 
observed  temporal  pattern  of  the  rain.  In  Pig.  12  the  rain  fluctuations  are  compared 
with  tha  simultaneously  maaaurud  attenuation  fluctuations.  As  expected,  a  vary  high 
correlation  between  the  two  is  observed.  The  lowest  curve  in  Pig.  12,  illustrates  a 
simulated  attenuation  tlms  curva  that  would  raault  by  assuming  a  sinusoidal  convective 
disturbance  propagating  along  the  nllllmeter  path.  A  more  detailed  description  is 
avallatla  in  Refaranca  3. 


CONCLUSIONS 

Tha  Platvilla  data  aet  has  been  analysed  to  show  ths  effects  of  clear  air  and  rain 
on  allllastar  wave  systems.  We  have  reported  only  «  minute  amount  of  the  available  data 
and  show  that  the  results  agree  quite  closely  with  the  clear-air  single-acattar  theory 
for  propagation  In  the  turbulent  atmosphere.  We  Intend  to  make  much  more  extensive  com¬ 
parisons  in  the  future  for  propagation  in  clear  air,  rain,  fog,  and  snow.  He  made  a 
delibarate  choice  to  forgo  analysis  of  other  segments  cf  the  data  in  order  to  complete  a 
readily  accessible  data  base  for  study  by  both  NOAA/GIT  and  other  researchers.  The 
completed  data  bass  should  be  available  for  study  In  19C’’. 
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Tabla  1. — Summary  of  microaataorological  data  from  tapa  24' 
taken  at  Ut30  NOT  July  1983 


Avaraga  Values 

Humidity 

19  g/raJ 

Temperature 

32*C 

Wind  spaed 

5.3  m/S 

Wind  angle 

10* 

Pressure 

993  mb 

Solar  flux 

94t  of  full, sun 

Wind  stress 

-0.14  (m/s )  * 

Humidity  flux 

0.1  (g/m* )/s 

Temperature  flux 

0.03'C  m/s 

Stability 

-0.03 

Square  Roots  of  Variances 


Humidity 

0.72  g/m5 

Temperature 

0.35'C 

Wind  speed 

1.2  m/s 

Wind  angle 

11* 

Streamwise  wind  component 

1.1  m/s 

Cross-stream  wind  component 

1.0  m/s 

Vertical  wind  component  0.54  m/s 


Structure  Parameters 


cn* 

from  optical  scintillometers 

2  .  10-U  »-*/l 

CT* 

from  optical  C  * 

0.03'C*  m~2/* 

CT* 

from  resistance  wires 

0.03'C*  m~*^* 

C» 

from  Lyman-a  hygrometers 

0.2  (g/m*)*  m"*''* 

CTq 

from  resistance  wires  and 

Lyman-a  hygrometers 

0.075'C  (g/m*)  .“•/* 

Cn* 

tor  radio  frequencies* 

5.9  »  lO-1*  m”*^* 

'Obtained  from  Eg.  (79)  of  Ref.  1'  using  C-* ,  C  *,  and  C_  from  ths  raslstanca 
airs  tharmomstar  and  Lyman-a  hygrometer  with  A 5  and  A  d Stained  from  the 
radio  retractive-index  aquation.  ’ 


NORMALIZED  INTENSITY  FOR  flNTENNR  1  PHASE  DIFFERENCE  PAIR  4 


Figure  2.  Probability  distribution 
function  of  intensity  for  nntanna 
1.  Normalised  intensity  is  scaled 
to  unit  naan  value • 


Figure  3.  Probability  distribution 
of  phase  difference  in  radian*. 


Ram  Rate  (mm  h  _I 


Figure  7.  Theoretical  arid  experi¬ 
mental  pow.  r  spectra  of  amplitude 
fluctuations. 


Figure  8.  Theoretical  power  spectra 
or  phase  difference  fluctuations  as 
a  function  of  the  ratio  or  spacing 
to  the  outer  scale  p/t.0  and  charac¬ 
teristic  frequency  =  v/p  where  v 
is  the  cross-path  wind. 


No?e  oscillatory* feature  at  aroroxluUl?*0837*csT!r  path'avelraSin9  optical  rain  gauges. 


l|  U1VU 


figur*  12.  Detail  at  rain  rates  and  mllllneter-wave  attenuation,  0832-0841 
Cfil.  Bottom  trace  la  the  simulated  mill iioeter-wave  path  optical  depth. 
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nuomu  omon  i  rumi  u  mtOLBei  atnoifesriqoe* 


par  0.  Rouaaat,  J.C.  Foataaalla,  J.  Primot,  A.  Sir* 

Of flea  National  d'Studes  «t  da  Recharchia  Adroapat ialas , 
1?  71,  92122  Chitillon  Cedar,  TRANCE 


titan 

Ona  raaua  aat  faita  da*  travaux  affactud*  l  l'ONIRA  an  inagari*  optiqua  A  trarara  la  turbulanca 
ataoaphdriqu*. 

Pluaiaura  technique*  propoada*  auparavant  paraattant  d'obtanir  da*  image*  ayant  una  rdaolution  A 
la  llaita  da  diffraction  aoat  coaparda*  dab*  eatta  coaaunicatioa.  Ua  coaparaiaoa  porta  *ur  la  cheap 
d'applicatioa,  la  rapport  *ignal  A  bruit  aapArd  at  la*  difficult**  pratique*  da  ca»  adthoda*  qui  *ont  : 

a  la*  technique*  da  traitaaant  nuadilqu*  a  poateriori  rapoaant  aur  una  gdnAraliaation  da  la 
adtboda  da  "apackle  intarfaroaatry"  propoada  par  A.  babayria  ;  an  particuliar  da*  rdaultat*  obtanu* 
arac  1' algorithm*  dit  da  "(no*  at  Thoapaon"  *ont  prdaantd*. 

a  la  “ddcoaaolutioa  A  partir  d'analyaa  da  front  d'onda"  ;  la  principa  da  catta  adtboda  aat  ddcrit 
an  inaiatant  sur  1' inport anc*  du  concept  d'analyaa  da  front  d'onda  dan*  la  probldn*  da  l'inagaria  A 
trader*  la  turbulanca  ; 

a  l'optiqu*  adaptatia*  qui  apparnlt  conn*  una  technique  trda  proaettauca  ;  un  syntdna  an  cour*  da 
ddvaloppaaent  at  deatind  A  X'aitronoaia  infrarouga  aat  prdaantd. 

UITI  DBE  imoui  OTILIIII 

Alt, Of)  dansitd  apactrala  croiads  d'inage  court*  poia 
a, (r)  nodule  du  chaap  dan*  la  pupilla 
A,  (a)  anplitude  coaplax*  du  cheap  dan*  la  plan  focal 

B(fj  f one t ion  da  tranafart  longue  poae  da  l'atnoapodre 

C* {hi  conatanta  da  atructura  da  l'indica  da  rdfraction 
D^fr)  tonction  da  atructura  da  la  pbaaa 

D  diaadtra  du  tdlaacopa 

F  diatanca  focale  du  tdlaacopa 

f  frdquanca  apatiala 

Of  paa  da  frdquanca 

6  gain  an  rdaolution 

H  diatanca  objat  inatrunant 

b  poaition  aur  la  trajat  optiqua 

h  noyanna  ponddrda  da  la  diatanca  da  propagation 

In  partia  inaginair*  d'una  quantitd  conplaxa 

I, (a)  inag*  inatantand* 

o, 

1,(1)  tranaforada  da  Fourier  de  l'iaaga  inatantanda 

a  noabra  ainmun  d'inagaa  A  utiliaer  dan*  la*  algorithaea 

N  noabra  da  tavelurea  prdaantea  dan*  l'iaaga  courta  poae 

Na  noabra  da  aoua-pupillaa  da  l'analyaeur 

0(a)  objet  obaervd 

'V 

0  (f)  tranaforada  da  Fourier  da  1 'objat 

o, 

O' <f)  tranafornda  da  Fourier  da  l'objat  noraaliade  A  1  A  f  «  0 
p  noabra  de  photon*  noyen  par  tavalur* 

PA  noabra  da  photon*  aoyan  par  aoua-pupilla  da  1'analyaour 

r  poaition  dana  la  pupilla 

r,  diaadtra  da  Fried 

ft*  parti*  rdall*  d'una  quantitd  coaplax* 

S,  (f )  fonction  da  tranafart  optiqua  inatantanda. 

T(f)  fonction  da  tranafart  du  tdlaacopa 

v  viteaae  traaavaraa  noyanna  daa  naasaa  d'air 

a  direction  d*  1'oapac*  obaarv* 

r  diatanca  idniibel* 

C  poaition  qualconqu*  d'un  point 

t|  randaaant  quantiqu*  du  ddtactaur 

9  angle  da  ebaap  iaoplandtiqu* 

A  longueur  d'onda 

AA  band*  apactrala 

o-f  dcart  type  da  la  pbaaa  du  front  d'onda 

<>4,  dcart  type  da  la  pbaaa  da  la  fonction  da  tranafart  optiqua 

t  durda  da  aia  daa  taaaluraa 

♦  pbaaa  da  la  tranaforada  da  Fourier  da  l'objat 

A*t  dcart  da  pbaaa  da  la  T.F.  da  l'objat 


'Travail  aoutanu  an  parti*  par  contrata  da  la  Direction  daa  Racharchaa,  Itndaa  at  Technique*  (DRET) 
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«  .  phase  4*  la  function  la  tranafart  optique 

f  phase  du  frost  d'onda 

t  (r)  phase  du  cheap  dana  la  papilla 

a  deart  da  phaaa  da  la  fonction  la  tramfart  du  tdlaacopa 

|  |  nodule 

(  )  aoyanna 

trtfttforai*  dt  Fouritr 
*  quantitd  eonjugude. 

i.  xmowcTiaa 

L.  turbulence  ataoaphdrique  Unite  advdrenent  la  rdaolution  anqulaira  da  toua  lea  inatrunanta  op- 
tiquaa  da  (rand  diandtra  observant  dapuia  la  aol  :  qual  qua  aolt  la  diaadtre  da  laur  pupilla.  la  Unite 
da  rdaolution  accaaaibla  eat  raraaant  infdrieura  d  una  aaeonda  d'arc. 


Toutetoia.  dapulb  una  quinxalna  d'anndea  un  anaaabla  da  faita  nouraauz  eat  apparu  qul  parent 
d'aapdrar  conpenaar ,  au  aolna  partlallaaant ,  laa  affata  da  la  turbulanea  ataoapbdriqua  aur  lea  iaagaa  : 

-  i«a  ndcaaiaaea  da  ddgradation  daa  iaagaa  par  la  turbulanea  ataoapbdriqua  aoat  Min  tenant  blan 
expliquds  (voir  paragrapha  2) , 

-  divers  algoritbaaa  da  reatauration  a  posteriori  daa  iaagaa  oat  dtd  propoada  qui  dormant  daa  rd- 
aultata  aaeouragaanta  (voir  paragrapha  3) , 

-  laa  progrda  teehniquea  dana  la  aiaa  au  point  da  airoira  ddfornablea,  d'analyseur  da  front 
d'onda,  da  ddtecteure  4 'iaagaa  par formant a,  da  patita  ealeulateura  puiaaanta  font  da  la  eorraetlon  an 
taapa  rdal  par  una  optique  adaptatiaa  una  voie  rdallata. 


Dana  l'dtat  actual  daa  teehniquea  nuadriquea  at  axpdriaantalaa,  il  eat  difficile  da  trancher  antra 
laa  adtbodaa  da  raatauration  a  poaterlori  daa  iaagaa  at  l'optique  adaptatiaa.  C'aat  pourquoi  11  eat 
partlculldroaaat  iaportant  da  a'attachar  h  analyser  an  parnananca  la  front  d'onda  incident  (aoir  para- 
graphe  4).  Cad  rdpond  an  affat  4  deux  iapdratifa  : 


-  andliorer 
pba  5), 

-  peraettre 
paragrapha  6) . 


comiddrablaaant  laa  poxaibilitda  da  raatauration  d'inaga  a  poaterlori  (aoir  paragra- 
de  gdndrar  laa  aignaux  da  coaaanda  du  airoir  ddforaabla  an  inagerie  adaptatiaa  (aoir 


Lea  taebniquea  "taapa  rdal"  (optique  adaptatiaa)  ou  "a  poateriorl"  apparaiaaent  da  plua.  dana  cet- 
ta  parapactiaa,  coapldaentairea  plutdt  qua  concurrantaa.  Ella*  aont  coapardaa  au  paragrapha  7. 

Ce  traaail  a  pour  but  da  ddcrira  rapidaaant  laa  travaux  effective  4  l'OHU  dana  laa  doaainea  da 
la  raatauration  d'inaga  a  poaterlori  at  da  l'optique  adaptatiaa. 

2.  LIS  WrXTS  PI  Li  TDMOLnCI  4T80SPmiQUI  SOI  Li  rOUUTIOH  DIS  IH4CIS 

La  propagation  daa  ondea  optiquea  4  travara  l'ataoaphdre  eat  parturbde  par  laa  variations  da 
l'indica  da  rdfraction  duaa  aux  variations  da  tenpdratura  diractaaant  lidaa  4  la  turbulence.  Dana  la 
doaaina  da  frdquencaa  apatialaa  intdraaxant,  la  turbulence  ataouphdriqut  obdit  4  la  loi  da  Kolaogoror 
[1],  dont  ddcoulant  diractaaant  laa  relationa  ei-deaaoua  [2]-  La  rdpartitiou  da  la  turbulence  d' indice 
la  long  du  parcoura  eat  ddcrita  par  laa  valeurs  da  la  conatanta  da  atructura  da  l'indica  da  rdfraction 
Cjj(b)  od  b  ddaigna  la  poaition  du  point  courant  aur  la  trajat  optique. 


2.1.  Laa  perturbationa  du  front  d'onda 

Laa  variationa  da  l'indica  da  rdtraetion  gdndrant  daa  retards  aldatoirea  antra  laa  diaera  pointa 
du  front  d'onda.  Catta  perturbation  da  la  phaaa  a'aecoapagne  da  fluctuationa  da  l'aaplitude  gdndra- 
lenent  ndgligdaa  (approximation  "chanp  proeba").  L'indica  da  rdfraction  da  l'ataoaphdre  variant  peu  du 
viaibla  4  l'infrarouga  theraiqua,  il  aat  reaarquabla  qua  caa  ratarda  na  dependent  pratiquanant  paa  de 
la  longueur  d'onda  at  done  qua  la  front  d'onda  soit  identique  dans  la  viaibla  at  l'infrarouga. 

Laa  variationa  da  la  phaaa  aont  caractdriadaa  par  la  fonction  da  atructura  Dy  : 

D,(r)  -  ^lf(C)  -  f (C+r) |*^ 

oil  C  at  r  +  C  ddsignant  laa  poaitiona  de  deux  pointa  diatanta  da  r  at  appartenant  4  un  plan  perpen- 
diculaira  4  la  direction  de  propagation.  varia  conae  t*'*.  La  notation  (  )  ddaigna  la  valaur 
aoyanna. 


2.2  loraation  daa  iaagaa 

La  relation  tondaaentale  da  l'iaagerie  (filtraga  daa  frdquencaa  apatialaa  f)  it'dcrit  4  cheque  ina- 
tant,  pour  daa  iaagaa  aonochroaetiquea  : 


I^(f)  •o''  (f).  S((f)  (1) 

'V, 

I( (f)  ddaigna  la  tranaforada  de  Fourier  (T.F.)  d'une  inaga  instantande  I  (a)  ob  a  eat  una  direction  de 

l'aspaca.  0  (f)  tat  la  T.F.  da  la  rdpartitiou  da  l'intensitd  lunineuae  dana  l'objet  at  S t  < t )  la  fonc¬ 
tion  da  tranafart  optique  (F.T.O.),  inatantande  (at  aldatoire),  de  l'anaeahle  tdlescope-atnosphdre 
turbulante. 


3.3.1.  Iaagaa  longue  pose 

Sana  le  caa  d'une  poaa  longue  (typiquenent  qualquaa  seconded,  lea  fonctiona  de  tranafart  du  td- 

'V 

leacopc  T(f)  at  da  l'ataoaphdre  B(f)  aoat  adparablea  [2].  La  valeur  aoyanna  de  1(f)  a'dcrit  alors  : 
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-  o' (f).  T(f).  Btf)  (2) 

B(f)  p«ut  s'dcrire  sous  la  forme  [2,3]  : 

8(f)  «  exp  j-  3,44  (Xf/r>)»/s|  (3) 

rg  ost  le  paraadtre  de,  Fried  [3],  diandtre  d'un  tdlescope  fictif  dont  la  liaite  de  rdsolution  angulaire 
iaposde  par  la  diffraction  serait  la  mime  que  celle  imposde  par  la  turbulence.  X  eat  la  longueur 
d'onde.  r  s'exprime  par  la  relation  [2,3]  : 

r(  =  0,185  X-‘/a  jj^  (cos  r)‘*  Cj  !h)  dhj“a/’  (4) 

od  H  d  eigne  la  distance  objet  instrument  (h  orientde  dans  ce  sens!  et  r  la  distance  angulaire  rdni- 
thale.  uans  le  cas  d'une  observation  aatronomique  (4  la  vertieale,  source  X  l'infini),  r(  vaut  typi- 
guenent  10  cs  (1  X  •  0,5  pa)  et  3,5  m  (4  X  -  10  pa).  La  turbulence  est  gdnante  lorsque  le  diaadtre  D  de 
l'instruaent  est  supdrieur  4  rg,  c'est-4-dire  pour  les  grands  tdlescopes  observant  dans  le  visible  ou 
le  proche  infrarouge. 

2.1.1.  Iaages  court*  pose  r  las  tarsi  urea  (ou  "tptckl**") 

lorsque  l’objet  coaporte  das  bautes  frdquencea  spatiales,  una  image  courts  pose  prdsente  de  fines 
structures  aldatoires  (tavelures),  rdsidua  de  ces  bautes  frdquences  aprds  la  traversde  de  1  * atsosphdre . 
Pour  une  source  ponctuelle  1*  noabre  de  tavelures  prdsentes  dans  une  inage  eat  approziaativeaent  fixd 
par  la  relation  : 


N  -  2,3  (D/rg )*  (5) 

Une  aanidre  simple  d' exploiter  l'inforaation  baute  frdqueuce  (qui  disparalt  lorsque  l'on  noyenne  les 
iaages)  est  de  considdrer  la  densitd  spectrala  dea  iaages  qui  peut  se  aett-o  sous  la  forae  [2]  : 

(j Vf)  |‘)  *  "*  p*  |0'  <*>  J*-  (J®,  <*> I  )  *  *p  <«> 

od  p  est  le  noabre  aoyen  de  photons  ddtectds  dans  une  tavelure.  le  produit  Bp  est  la  densitd  apectrale 
du  bruit  de  photons.  O' (  )  est  la  T.F.  de  l'objet  noraalisde  4  1  ;  elle  vdrifie  : 

O' (f)  •  Bp  OMf)  (7) 

failure  da  la  densitd  apectrale  das  iaages  ast  prdsentda  sur  la  figure  1.  Bile  ae  caractdrlse  par  une 
eila  haute  frdquence,  attdnuda,  qui  ast  exploitde  par  las  algorlthaes  de  restauration  d' images. 


Bp*, 
+  «P 


0'(f) 


Np 


de  la  turbulence  da  I'optlque 


Figure  1  -  Forae  typlque  de  la  densitd  spectrala  des  iaages.  La  nivsau  das  dlftdrentes  portions  da  la 
conrbe  est  lndiqud.  Four  f  >  rg/X  on  a  s  T(f)  /B 
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Cette  tile  haute  frdquanee  n'apparait  qua  *i  l'iaage  ait  obierede  evec  una  bande  apaetrala  dtroita 
dX  talla  qua  (2]  : 

a  ±  0,45  (8) 

II  f  aut  dgaluMht  las  taveluraa  aoient  (iqdas  ;  laur  durda  da  ale  tat  typiqueaent  : 


T 


od  *  ast 

t  ■  10  is. 

ci-dassous 

rdagir. 


la  vltassa  transverse  soyenne  das  aasaas  d'air.  Avec  rg  •  10  ea,  *  •  10  a/s,  on  trouva 
Cast  done  la  taaps  da  pose  maximal  das  iaagas  exploitables  par  las  algorithaaa  ddcrits 
;  C’ast  aussi  la  ddlai  aaxiaua  arac  laqual  las  ayatdaas  adaptatifa  da  coapansation  doivant 


2.3  La  doaaina  iaoplaadtiqua 

Una  lialtation  das  tachniquas  ddcritas  ci-dassoua  ast  introduita  par  la  non-lsoplandtisaa, 
e'est-i-dire  par  la  (ait  qua  la  perturbation  varia  d'un  point  4  l'autra  du  ebaap.  Dans  l'dtat  actual 
das  taebniquas  da  rastauration,  la  eoapanaation  na  se  fait  qu'A  l’intdrieur  d'un  ebaap  isoplandtiqua. 
L'anglt  da  ebaap  8  correspondent  aaut  approxiaativaaant  : 


8  2  (10) 
h 

od  h  ast  una  aoyenna  ponddrde  da  la  distance  da  propagation  [2] .  La  ebaap  isoplandtiqua  est  lint*  an 
astronoaie  aisibla  d  qualquas  aaeondes  d'are.  II  ast  d'autant  plus  large  qua  la  perturbation  turbulante 
se  trouts  prds  da  la  pupilla  du  tdleseope. 

).  Ul  UTI0DIS  DI  UITAUUTI0N  D’ 1*401  A  K1TUI0II 

Cas  adtbodas  utilisant  l'inforaation  bauta  frdquanee  prdsanta  dans  las  tatelures.  Ellas  reposant 
gdndralaaent  sur  le  caleul  daa  dansitds  apaetralas  das  iaagas  ou  da  noaenta  d'ordra  plus  dlevds  (tech¬ 
nique  dita  “speckle  Basking"  [4]).  Ellas  tisant  4  reconatituar  la  transforade  de  rourier  de  l'objet. 
Labayria  [5]  an  ddtaloppant  la  adthoda  d'interfdroadtrie  de  tatelures  a  aontrd  qua  la  relation  (6) 
aprds  correction  das  biais  dds  au  bruit  peraattait  de  calculer  le  nodule  da  la  T.F.  de  l'objet  par  la 
relation  : 


'x, 

0  (() 


.< 

i  'Vg 

Jx.(« 

•> 

< 

s4  (t) 

r> 

(11) 


La 


fonction 


ast  ddterainde  par  l'obsartation  prdliainaire  d'une  source  ponctuelle.  L'eaploi 


da  la  relation  (11)  suppose  qua  las  propridtds  statistiquas  de  la  turbulence  ataosphdrique  sont  sta- 
tionnaires,  ce  qui  n'est  parfois  trai  qu'4  l'dchalla  da  qualquas  ainutes. 


Knox  at  Thoapson  [5]  ont  gdndralisd  la  adtboda  d'intarfdroadtria  da  tatelures  at  ont  aontrd  qua 
l'on  pouvait  ddterainer  la  phase  da  la  T.F.  de  l'objet  an  calculant  des  quantitds  de  la  lorae  : 


A(f,Af)  -  ^lj(f).  I^(t  +  (12) 
od  M  est  un  pas  de  frdquanee  infdriaur  4  rg/X,  (*  ddsigne  la  quantitd  conjuguda) .  Le  gradient  de 
la  phase  sa  ddduit  de  la  quantitd  prdeddanta  par  la  relation  : 


*,<*> 


+  d*(f)  >  Arctg 


la  (A) 


(13) 


Re  (A) 

ob  las  notations  la  at  Re  ddsignent  respect iteaent  las  parties  rdelle  et  iaaginaire.  Ot  est  un  terse  dO 
aux  aberrations  du  tdleseope  qua  l'on  ddteraine  4  partir  d'une  expdrience  prdliainaire  en  supposant 
cellsa-ci  fixes.  Li  aussi,  lea  quantitds  A  doieent  dtre  corrigdes  da  biais  dO  au  bruit.  La  phase  doit 
4tre  ansuita  calculde  4  partir  da  son  gradient  par  intdgretion.  La  prdsanca  da  xdros  da  la  quantitd  A 
dans  la  plan  da  Fourier  pose  qualquas  probldaes  particuliars  [7] . 


L'attdnuation  isportante  das  heutes  frdquencas  dans  las  iaagas  ddgraddes  iaplique  la  soamation 
d’un  grand  noabre  d'iaages  pour  obtanir  una  rastauration  du  aodule  et  da  la  pbaaa  [5,7].  La  restaura- 
tion  ast  satisfaisanta  si,  pour  cheque  frdquanee  F,  1'arreur  da  ddtaraination  de  la  phase  40(f)  rests 
infdriaura  4  +  x/2.  Le  noabre  ainiaua  M  d'iaages  eat  alors  donnd  par  la  relation  [7]  : 

p  |oMf)  |*  T(f).  J5  >  2  (14) 

Las  possibilitds  da  la  adtbodas  aont  illuatrdaa  par  deux  rdsultats  expdrinentaux  obtanua  l'un  4 
partir  d'une  adrie  d'iaages  ddgraddes  produitas  dans  una  euaa  de  siaulation  da  la  turbulence  (fig. 
2a,b,c,d)  at  l'autra  4  partir  da  donndas  enragistrdas  par  p.  loaaeau  at  It.  Foy  (CEtSA!  au  foyer  du  td- 
lascopa  franco-canadian  da  lavai  (fig.  3a,b,c). 


Hgura  2  -  topdritaca  dt  raitturntion  d ' iatg*  p«r  It  adthodt  dt  too*  tt  Thoapton  tur  dta  i»»9»*  dd- 
graddtt  produittt  dta*  unt  cut*  dt  tiaulitioa  da  It  turbulanca. 

a)  ittga  original*  tut  turbulaaca  <4  ttehat) 

b)  ittga  court a  pot*  (0/rf  ~  10) 

e)  ittga  loogua  pota 

d)  raeoutractioa  taae  170  photoaa/tivalura 


Figure  3  -  Ixpdrience  du  reatauration  d' image  pur  i*  adthod*  du  It  ox  ut  Thoapaoa  uur  dtt  iuuaui  »»tro- 
naaique*  du  l'dtoil*  double  62  PM  (donndea  de  I.  Fop  et  D.  Bonnenu  (CUUI). 

a)  uae  luge  courte  poie  typigue 

b)  -'ne  image  longue  poae 

••  aonatruction  I  partir  de  1100  iuagee  courte  poae,  adparaticn  binaire  0,0«" 

.»  ■  0,7  pa. 


«.  l’uuth  di  now  D'om 

L'«nalym*  la  front  d'oade  peruet  de  ddterainer  lea  ddforaationa  du  front  d'onde  dana  1»  pupille  de 
l'inatruaent  (en  pratique  dana  un  plan  conjugud).  1  partir  de  cetta  analyaa,  il  eat  poaaiblt  de  cor- 
riger  nuadriquenant  lea  image*  (paragraph*  5)  ou  d*  piloter  un*  optiqu*  adapt a tire  (paragraph*  6' . 

D*  noabrevx  principea  permanent  d'effectuer  l'analyae  d*  front  d'onde  [t].  Deux  aeulenent  Jonc- 
tionnect  aeec  d*  faille*  flux  et  apparaiaaent  done  bien  edaptda  d  l'iaagevie  pamaiv*  :  lea  interfdro- 
adtrea  4  dddoubleaent  latdral  (9}  ou  lea  analyaeur*  dita  d*  Hartaann-Shack  (10] . 

Pluaieura  analyaeur*  utiliaant  i*  princip*  d*  Eartaann-Shack  ont  dtd  ddeeloppdm  k  l'OMSRk  [11].  La 
fonctionneaent  eat  1*  ruivant  (figure  4)  :  une  iaag*  d*  la  pupille  .eat  forade  par  uue  lentille  d*  champ 
aur  un*  noaalqu*  d«  nicrolentille*.  La  diaenaicn  u*  cheque  aicrolentiile  raaend*  dan*  la  pupille  ddtar- 
aine  la  diaenaion  d'un*  "mourn- pupille"  qui  doit  dtr*  d*  l'ordr*  de  r#  ;  on  aaaiail*  alor*  1*  front 
d'onde  4  un  plan  aur  chaque  microlent tie.  C*  front  d'onde  produit  dana  le  plan  focal  de  la  aicro- 
lentill*  un*  tach*  iaag*  dont  1*  ddplaceaent,  par  rnpport  4  un*  poaition  de  rdfdrenc*  ddteraind*  4 
1'aid*  d'un*  ond*  plane,  eat  proportional  4  la  pent*  local*  de  l'onde. 

La  poaition  d*  cea  tachea  eat  aeaurd*  4  l'aid*  d'un*  aatrice  d*  ddtecteura  4  tranafert  d*  charge 
(CCD)  ;  en  face  d*  chaque  aoua-pupill*  a*  trour*  un*  lone  de  la  aatrice  :  lo  calcul  d*  la  poaition  du 
barycentr*  dea  aignaux  ddlivrdf  par  lea  ddtecteura  d*  cett*  ion*  fouruit  la  poaition  da  la  tacbe  et 
done  la  pent*  local*  de  l'onde  [11,12],  L*  front  d'onde  pout  dtr*  entuit*  reconatruit  4  partir  d*  *** 
pentea  (4  un*  conatant*  prda),  melon  pluaieura  technique*  ditea  aon*l*a  ou  rodale*  iddeoapoaitior  mur 
un*  baa*  d*  fonetiona  appoide*  "mod**'',  telle*  qua  lea  polynia**  de  ZarniLe)  [13] . 
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C«t  ipiutil  a  ini  pNptiitia  raaarquablas  i 

-  11  utlUaa  un  rapoaaaaant  polychroaatiqua , 

-  11  fOMtiona*  me  aa*  aoure*  itMtu  qui  pant  4tr*  L'objat  tin  int  aa  ekarch*  *.  fair* 
l'iiaga.  Cheque  iaag*  4a  la  soure*  4oaa4a  par  un*  sous -pupill*  aa  44plaea  aa  fraction  daa  abarratloaa 
lat  ,-oduitas  par  la  trajat  at  la  calcul  4a  la  position  4a  aoa  barycantra  fournit  la  ada*  inforaatlon  qua 
ai  L'objat  4talt  poactual  4  ua  baaeulaaaae  prds. 


. —  Diaphragm*  da  champ 
I Lantllla  da  champ  (conjuguta  da  I'imaga) 

Position  da  I’imaga  urn  aberration 
Petition  da  I’imaga  avacj 
Lantllla  da  conjogalton^ 


Vara  I'lnatrumant 


Surface  d’onda 
Moaaiqua  da  lantllla 
(cortjugud*  da  la  pupillt) 

Matrlce  da  ddtectetir*  - 


Figure  4  *  Principe  da  l’analyaeur  4a  trout  d’onda  4e  Sartaann-Shack. 

Dana  la  caa  4’un  obiat  pau  4ten4u  l’arraur  quadratlque  aoyenne  oj  4ana  la  reconstruction  du  front 
d’onda  eat  [12]  : 


2ft* 


o4  pt  eat  la  noabra  da  photona  dd tact 4a  par  aoua-pupilla  durant  la  t.eapa  d'analys*.  Pour 
la  front  tree  una  prdciaion  cr*ta-cr4ta  neilleur*  qua  Vd  (e'aat -4-dir*  »  u/ti  il  faut 
noioa  Zi  photona  par  aoua-pupilla  aoit  pour  tout  1  ‘  inatrunant  : 


(15) 

reconstruire 
collect*!  eu 


"»  P,  *  12  *a/ti  (16) 
t)  eat  la  rendaaant  quantiqua  du  ddtacteur  at  la  noabre  da  aoua-pupillaa  da  l’enalyaaur  da  front 
d’onda. 


5,  DICOMVOUITION  D'lMQXd  A  FAITH  Dl  L'UULTSI  DK  FtOVT  D'OHDX 

L'analyse  4a  front  d'onda  paraat  4a  ddterainer,  aaac  una  aourca  daantua) lunant  et endue,  l'aapli- 
tuda  »( (r)  at  la  phase  f( (r)  d'un  front  d’ouda  qui  aarait  donnd  par  un  point  anurce  aitu*  dana  la  n4na 
donaina  d'iaoplandtiane.  r  eat  la  position  dana  la  pupille.  Ainai,  le  transfert  optiqua  antra  l’objat 
at  la  plan  focal  du  tdleacope  eat  parfaitaaant  earact4ri*J,  4  partir  da  la  seula  observation  da  l'ob¬ 
jat,  par  1'utiliaation  d'un  analyaaur  da  front  d'onda. 

L'intanaitd  a*  (r)  dana  la  pupille  j*  calcul*  4  partir  daa  donndea  iaauaa  d'un  analyaaur  da 
Bartaaan -Sback  coaaa  la  aoyennn*  daa  aignaux  ragua  par  lea  ddtacteur*  affaetd*  4  una  rone  da  la  pupille 
par  chaqu*  aicrolentille.  La  phase  (r)  eat  obtenue  coaae  indiqud  au  paragraph*  prieddant.  Ainai,  la 
rdpartitioc  daa  aaplitudaa  complexes  du  cheap  41*ctroaagn4tiqu*  dana  la  plan  da  la  pupille  pour  un 

tv, t  r ) 

point  source  eat  coapldteaant  ddteraind*  pir  1' analyaaur  <.t  a  pour  expression  *t  (r)  *  1  (voir  fi¬ 
gure  5).  L' amplitude  coaplaxa  du  cheap  A( («! ,  qua  produirait  un  point  source  dana  1*  plan  focal,  ast 

slors  siaplaaant  donnd*  par  un*  T.F.  invtraa,  notd*  T.F.'*,  pernattant  1*  passage  du  plan  da  la  pupill* 
(variabl*  r)  au  plan  focal  (variable  a)  : 


(17) 


:  e'eet  1*  rdpons*  iapulsionnell* 
du  tiltr*  spatial  corraspondant  au  tran^fett  optique  analyst.  La  F.T.O.  aat  alors  calculi*  par  la  re¬ 
lation  classiqu*  suivant*  (voir  figure  5)  : 


A,  (a)  *  tr1 


,  I  IV, I  r  >  \ 

“  [V*>  »  '  ) 

La  fonction  d'dtalvaant  d*  point  (F.K.P.)  eat  4gal*  4  |A  (*)|* 


5,(f'  -  TF  ||»1(ad|‘J 

La  frdquaac*  spatial*  f  ast  ralid*  4  la  dimension  r  aasurd*  dans  la  pupill*  par  : 


(14) 


f  •  r/A 


(19) 
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tl  t*t  tlott  possible  At  AAeontoiutr  dti  iMftl  suivact  It  rtlttltt  At  l'lmogarla  optlqua  (>g.  1). 
L'tasaabla  At  It  procAAura  ttt  ddc.lt  aur  It  achAna  At  It  figure  8.  Cm  trtittMtta  u  pauaaat  Atrt 
falta  tetMlltMtt  tt't  posteriori  crept  a  test  Au  ttapa  At  ealcul  aActssairt  pour  ltt  tHttt  t.l. 


Imagrria 

l|  i«) 


Analyst  dt  surface  d'onda 


TF 


l|  (f) 


«.t| 

♦ 

a|t** 

n  ♦tf-* 

A|(t) 

♦ 

IAJ  (oM* 

D  t  tf 

Siffl 


\  ./ 

®  JTF" 


Amplitude  com  pint 
dm  It  puplllt 

Amplitude  du  toytr 

Intanaltt  tutoyer 
(ou  rAponn 
ImpuldonntMt) 

Fonetlon  dt  trs-nfirt 
optiqua 


DAcon  volution 


Olt) 


Objtt 


Figurt  8  -  DAconrolution  A'ittgtt  A  ptrtir  A'uat  analyte  At  front  A'onAt.  Ct  processus  tActailtt  It 
ctlcul  At  A  transfornAaa  At  Fourier  (T.F.)  nunArotAes  dt  1  i  A.  La  T.F.  2  porta  aur  laa 
tableaux  At  donates  (12  a  12)  At  l'analyatur,  ltt  T.r.  1,  3  at  A  a«r  Aaa  tableaux 
(286  X  286)  . 


IxpAriaentaleaent,  lta  AotnAai  perturbAes  par  la  turbulence  aoat  figAtt  at  enregistrAas  sinulta- 
nAatnt  atlon  Atux  tolas  paralUlta  (figurt  6)  : 

-  d'una  part  It  tola  tnalyta  da  front  d'onda, 

-  A'tutra  part  la  toia  iatgarla  fouraissant  Aat  latgta  courts  post  !,<«). 

Una  ltae  dichroiqut  aAltctlonnt  una  bands  ipactrala  Atrolta  pour  foraar  l'lnaga  (cf  paragraphs 
2.1)  at  transact  A  l'analyatur  la  rayonneaant  non  utillaA.  Las  calculs  A  partlr  Aaa  AonnAaa  inatan- 
tanAaa  da  l'analytaur  tont  Atidanatnt  axAcutAa  pour  la  longuaur  d'onda  dt  I'lntgtrlt.  Lta  ctaArts  At 
prlta  da  AonnAaa  aont  Atux  aatricas  da  AAtactaurs  (CCD)  couplAta  A  Aaux  uplifieataura  A  gtltttt  Ac 
nlcroctnaux  falsant  auatl  office  d'obturataura  rapldtt  ayncbronlsAt  pour  figar  au  ataa  Instant  la 
phAnoaAna  turbulent  dans  la  plan  focal  du  tAlaaccpa  at  dans  It  plan  At  la  pupillt.  In  outra.  It  aontaga 
Inclut  laa  AlAnanta  nAcataairta  A  l'Atalonnagt  da  l'analyatur  (front  d'onda  plan  da  rAfArtnca)  at  au 
rAglagt  Aaa  frAquaacts  apatlalta  da  la  volt  inagtrit  an  corraapondanct  aate  ctllta  AonnAaa  par  l'analy¬ 
atur.  Cat  Alananta  na  aont  pas  raprAaantAa  aur  la  figurt  6.  Cat  Atalonnaga  at  ca  rAglagt  aont  A  fnirt 
una  tola  pour  touts  aaant  laa  expAritncts. 


Volt  "analyst  dt  front  d'ondt" 


Figure  6  -  Dlspoaltif  instrnneatal  A'iaagarlt  paraattant  d'obttair  laa  donnAts  nActasalrta  A  la  AAcoa- 
Tolutloa  d'lnagta  A  partlr  d'ua  analyatur  da  front  d'onda.  B,  at  II,  aont  Atux  natrleaa  da 
AAtactaurs,  At  at  A,  Aaux  aaplif ictttura  A  galttta  da  nlcroctnaux.  at  A,  jouaat  ausal  la 
rile  A'obturataur. 
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Dans  las  doaaina*  de  (rdquanca*  spatial**  od  la  aodula  da  la  F.T.O.  deviant  plus  (aibla  qua  la 
niveau  da  bruit,  la  ddconvolution  na  pert  pas  ttra  ettectude.  Xais,  du  (ait  das  parturbations  da  la 
turbulanca,  cas  doaaines  changent  A  cheque  instant  aldatoiraaant.  Ainsi  an  axploitant  una  adri* 
d'iaages  eourta  posa  at  da  F.T.O.  asaocidaa  (voir  iigura  7),  on  paut  (inalaaant  couvrir  tout  la  doaaina 
da  (rdquencas  spatialas  at  done  rastaurar  l'objat.  En  a((at,  on  additionna  laa  T.F.  partiellea  da  l'ob- 
jet  raft i tubas  pour  cbaqua  prisa  da  donndea  an  gardant  an  nbneira  la  noabra  da  tola  od  chaqua  trdquance 
a  *t*  ddconvolude.  Lorsque  la  soasation  das  T.F.  partiallea  da  l'objat  A  rastaurar  ast  tarninde,  on 
divisa  eatta  soaaa  par  la  noabra  da  ddconvolutions  affactu*as  pour  chaqua  (rdquanca  spatiala  afin  d'ob- 

tanir  la  T.F.  da  l'objat  restaur*  0  ((). 


lira  ohMrvatfon 


Mms  obMnatton 

I 


Figura  7  -  Fora*  typiqua  da  daux  fonction*  da  traasfart  inatantandas  da  la  turbulanca  ataospbdriqua  at 
doaainaa  asaocids  da  (rdquancaa  spatialas  od  la  ddconvolution  d'iaago  paut  dtra  calculda.  Un 
sauil,  iaposd  par  la  bruit  d  la  FTO,  ddliaita  cas  doaaina*. 


Pour  qua  la  sonaation  s'aftactua  da  aanidra  constructive,  il  (cut  que  la  correction  da  phasa  af- 

'v. 

fectude  sur  0  (f)  par  la  F.T.O.  n'introduise  pas  das  valeurs  aldatoiras  dquirdpartias  entre  0  et  2S. 
C'est-d-dire  qua  pour  chaqua  (rdquanca  f  l'erraur  da  ddtaraination  de  la  phase  da  la  F.T.O.  A(  dua  au 
bruit,  rente  intdrieur*  d  +  */2  ;  on  a  ainsi  : 


A 


(20) 


Far  aillaurs,  il  eat  possible  da  reliar  l'arreur  quadratiqua  aoyanna  aur  la  phasa  da  la  F.T.O.  d 
calls  du  front  d'onda  aasurd  [12].  On  obtiant  dans  la  cas  da  la  turbulanca  ataoaphdrique  1'dgalitd  de 
cea  daux  arraura  quadratiqua*  aoyannea  : 


<r-  a  <t  (21) 

r 

Ainai  la  noabra  ainiaua  da  photons  pour  una  ddconvolution  corracta  par  1*  processus  ddcrit  ci-daasua 
ast  dgal  (d'aprds  la  condition  (20)  at  l'dquation  (21))  au  noabra  ainiaua  da  photon  pour  un*  ddtarai- 
nation  correct*  du  (root  d'onda  doond  au  paragraphs  d  (relation  Id)  at  vaut  72RA/i). 

D'autr*  part,  sur  1*  voia  iaagaria,  la  bruit  da  photon  introduit  aussi  una  iaprdcision  dans  la 
rastauration  de  l'objat.  Ceci  iapliqu*  da  eoyannar  un  roabr*  ainiaua  K  d'iaagas,  donnd  par  la 
relation  : 


Up  jo'  (()  I*  T(l)  >  2  (22) 

La  coaparaiao*  das  iaplieatioas  das  ralatioas  (22)  at  (Id)  sat  fait*  au  paragraph*  7. 


I.  OFTIQOl  ADiFTATm 

On  diapoaitif  d'optiqu*  adaptativ*  ast  un  syatdaa  opto-dlactroniqua  qui  coapans*  an  taaps  rdal  las 
parturbatioaa  du  front  d'onda.  Un  daa  coaposanta  asaantlals  sat  done  un  ildaant  optiqu*  qui  paraat  d'in- 
troduira  daa  ddphaaagaa  variables  (gdndralaaant  il  a'agit  d'ua  airoir  ddforaabl*  [Id]).  Un  aebdaa  gdnd- 
ral  ast  prdsantd  aur  1*  figure  A.  L'ansaabl*  ast  placd  au  foyar  du  thlascop*.  Il  coaporte  d'ahord  un 
airoir  ddforaabl*  conjugud  da  la  pupill*  at  un  airoir  A  daux  axes  da  rotation  corrigaant  uniquaaant  la 
baaculaaaat  da  l'oad*  qui  coastitu*  la  coaposanta  la  plus  iaportaat*  das  fluctuations  da  phase  provo- 
qudoa  par  la  turbulanca  ataosphdriqua  [3] .  La  flux  isss  da  cas  airoii.-s  ast  sdpard  an  daux  faiscaaux  : 
1'un  aart  d  foraar  l'iaag*  at  l'autr*  paraat  da  aasurar  las  pantas  du  (ront  d'onda  au  soyas  d'un  ana- 
lysaur  (voir  paragraph*  d).  A  partir  da  cas  pastas,  un  calculstaur  ddtarain*  lss  coaaandas  A  appliquar 
aux  airoirs  pour  corrigar  1*  front  d'onda. 
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Souro*  dc  MHdnriM 


Command**  aux 


Si  1'optigu*  adaptatie*  corriga  parf ai'aeeat  laa  parturtationa  da  phaaa  dan*  la  papilla,  1 1 iaaga 
*ur  la  candra  aat  fixt  at  aat  Haiti*  aculapant  par  la  diffraction.  Dana  la  cat  d'ohjata  faiblaa,  la 
noabra  K  d'iaagaa  4  intdgrar  pour  obtaair  ana  cbaerration  aatiafaiaanta  aat  donnd  par  la  ralatioa 
auivaata  : 


M  N  p  loMf)  Tit)  |*  >  a  (21) 
Catta  relation  aat  calculi*  4  partir  da  bruit  da  photon  «ur  la  caaira  da  la  aoia  iaagaria. 

Pour  daa  raiaoar  technique*  at  pratiguaa,  l'applicttion  4  1'aatroaoaie  eat  plat  facile  dana  la  can 
da  1'iaagerie  infrarouga  tree  analyaa  da  front  d'oada  dan*  la  riaible.  Pour  un  tdlaacopa  da  diaaitra 
D  *  1,6  a,  arac  r(  »  0,4  a  4  4  »  Spa,  la  noabra  adcaaaaira  d'dldaents  da  correction*  sur  la  airoir 

ddforaable  aat  da  1'ordra  da  (D/r^)*  •  20  at  la  hand*  rtananta  raguiaa  da  20  la,  pour  obtaair  una  iaaga 
pratiquaaant  Haiti*  par  la  diffraction  du  tdlaacopa.  ictuelleaaat,  da  telle*  coatr\ihtca  aont  relati- 
aaaant  facile*  4  aatiafaira.  Da  plua,  la  noabra  da  aourca*  aatronoaiquaa,  aaaaa  luainauaa*  pour  aarrir 
4  analyser  la  front  d'oada,  eat  baaucoup  plua  grand  dan*  la  aiaibla  qua  daa*  l'iafraroug*  pour  un  do- 
aaina  d'inoplandtiaaa  donnd  (~  IS  socondaa  d'arc  4  X  a  1  pa). 

Un  pro-jet  d'optiqua  adaptatir*  au  foyer  d'un  grand  tdlaacopa  aatronoaiqu*  aoua  la  aaitria* 
d'oautrt  da  l'OMIKA  aat  an  court  da  definition  arac  1 ' Eu.opcan  Southern  obaarratory  (ISO)  rduniaaant 
auaai  laa  Uboratoiras  da  Harcouaaia  (COD  at  l'Obaerratoire  da  Paria-Maudoa .  Xl  coa porta  IS  notaura 
aur  la  airoir  ddforaable  arac  una  excursion  da  i  7,5  pa,  plua  deux  aotauri  coaaandant  la  airoir  da  baa- 
culaaaat  da  1'oada  at  20  aoue-pupillea  utilaa  dana  1'aonlyaaur  da  front  d'ontla.  La  calcul  daa  coaaandea 
appliqudaa  aux  notaura  aat  fond*  aur  una  relation  aatricialla  ddduita  una  foil  pour  tout#  par  una  nd- 
thbda  dan  noindraa  carrda  da  la  a&trice  d' interaction  itliaat  la  Ciplananant  dldaantaire  da  cheque 
act aur  aux  aaauraa  iaauax  da  1 ' tnalyneur .  21  coaaandai  da  aotaur  aont  4  calcular  4  partir  da  40  aaauraa 
da  pente  du  front  d'oada. 

Si  l'on  adaat  qua  l’optiqua  adaptatira  p«ut  corrigar  laa  IS  praaiara  aodai  daua  la  ddcoaposition 
du  front  d'oada  aur  la  bait  daa  polyntaei  da  larnika,  1'dcart  quadratiqua  aoyea  daa  fluctuation*  da 
phaaa  rdaiduallaa  aur  la  pupill*  aat  alora  donnd  par  la  ralatioa  [IS]  : 

oj  «  .021  (D/rj)4/*  (24) 

C*  qui  corrtapoad  4  un*  fluctuation  erdt*  *  erdt*  <«  «  radiana  Sana  daa  conditions  da  turbulence  tallaa 

qua  r#  «  D/JT*  i  la  liait*  du  diaanaioaneaant  du  ayatdae.  Catta  arraur  aat  dua  d  I'aju.taaant  iaparfait 
da*  corrections  au  lroat  d'oada  turbulent,  introduit  par  la  noabra  iaauffiaant  da  aodai  eoaalddrda  : 
ici  las  polynia* •  da  laraika,  dana  It  rdalitd,  laa  aodea  propra*  du  airoir  ddforaabl*.  Ilia  paut  itr* 
rddait*  *a  augaaataat  1*  noabra  da  aodai  d  corrigar.  4  e*  type  d'arreur  a'ajoutent  1' arraur  da  aaaur* 
iatroduit*  par  l'aaalyaaur  4*  front  d'oada  (aoir  paragraph*  4)  at  l’errsur  taaporalla  introduit*  par  la 
coaataat*  du  taapa  da  la  boucla  d'aiaarriaasaant. 

Mm  dana  laa  caa  o4  I’optiqu*  adaptatira  a*  corriga  paa  parfaitaaaat  laa  affata  da  la  turbultac* 
ataoaphdriqa*  4  cauaa  d'uat  beads  paaaaato  inauffiaantt  ou  an cor a  d'un  noabra  da  notaura  trop  rbdvit, 
all*  apport*  cap* adaat  u  gain  0  an  rdaolutioo  pat  1*  adduction  da  la  taill*  4*  la  tach*  iaaga  (figure 
»>  [1*3 •  La  taill*  daa  taraluraa,  lid*  uniqaaaaat  au  diaadtr*  da  la  pupilla,  raata  da  1  ordre  da  XT/s 
o4  f  aat  la  diataaca  focal*  4*  l'optiqua  at  done  1*  noabra  da  tareluraa  aat  rdduit  d'un  facteur  G*. 


Cael  about it  4  uaa  aadlioration  4*  It  fonetioa  da  tranafart  (figure  10).  U  frdquanee  4*  coupura  an 
le*g«*  boat  aa  ttoan  4tra  tlora  4*  l'ordra  4*  Sr(  at  l'alla  hauta  trdqueaca  4a  la  (oaetloa  4a  trana- 
fart  4a  tavelurea  aat  aultlpllda  par  0.  U  ft4anea  4’uan  optima  adaptatlva  favoriaa  4aae  laa  a4tho4aa 
4'lMfarla  rapoaaat  a«r  l'axploltatioa  4aa  tavelurea.  Oa  plat,  11  aat  toulourn  poaaibla  d' exploiter  laa 
aaaurea  4a  1 ' erreur  rdaiduelle  nr  la  front  d'onda  tournlea  par  l'aaalyaour  pour  eppllquer  la  idcoavo- 
lution  a  poatariori  4aa  iaa«aa  earagiatrdea  4aaa  uaa  talla  aituation,  par  la  adthoda  ddcrlte  4aoa  la 
paragrapbe  $. 


/oa  °  ~ ■¥■ 

/  o  o  °  °  \ 

i  o  -  n  o  »  A$ 


I 


I  °0°0°0  !|* 

n\  o  °  O  °  o  / 

\  _  o  o  > 

\°  °0o°  / 

V  O  °  o,' 


/o  o ON 
I  oo°o' 


f°  ooo J 

Q  «0 


Sant  optlqua  adaptatlva 


A  vac  optlqua  adaptatlva 


Figure  »  -  lapacta  daa  tachaa  laage  laataataadaa. 


Figure  10  -  roactioa  da  trauafert  da  tavelurea,  aaac  at  a ana  optlqua  adaptatlva. 


Xdthode 

■ldaaat 

da  coaparaif  jh 

dlgoritbae  da 
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t>4  convolution 

4  partlr  da 
l'analyaa  da 
front  d'oada 

Optlqua 

adaptativa 

Bypothdae  da  la  atatioanaritd 
4a  la  turbulaaca 

OUT 

NON 

NOR 

Mceaaitd  d'uaa  aourca 
brillanta*  dam  la  doaaina 
d'laoplaadtlaaa 

NON 

001 

001 

Varlatloaa  du  rapport  algaal  4 
bruit 

P 

$ 

ta 

Doaaiua  apactral  liaitd  pour 
I'aaragiatraMat  da  1'iaaga 

OOl 

OUI 

NON 

Xoabra  H  4'iaagaa  4  traitar** 

2.10* 

2.10* 

~  i 

Coaplaxitd  tacbniqua 

aiapla 

aoddrda 

coaplaxa 

Coaplaxitd  daa  algorithmaa 

coaploxa 

aoddrda 

paa  d’algorltbua 

Tableau  I 

Coaparaiaoa  daa  adthodaa  d'laagarla  4  traaara  la  turbulence 


*  Hou  obUgetoireaent  ponctuelle 
•*  Calculi  taita  aaae  p  «  1,  |o' (f)T(l) 


0,1,  4  ■  400  (eaa  du  vlaibla) . 
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7.  COVliUM  Ml  MIMMI 

Us  (irHlltlitliMi  rrlHlHlu  'h  troi*  MtMu  Hnltu  teat  iihmIUn  tui  1*  tableau  I  l 
1m  aosbrea  iIiIhu  4  traiter  pov  tktnlt  «m  NituatlM  uttililuiU  y  Mat  napitli 
4aa«  la  «u  4'aaa  ebaervatios  4a  tree  utraaoai««a  (4'aprda  laa  Hutlou  14,  II  at  II). 

U  altMa  la  plus  ilaili  *  aattra  aa  oaavra,  ralgoritbne  4a  Knox  at  Theresas,  presents  trait 
iacaa«4alaati  i  lat  irwlltla  itatiatiquea  4a  la  turbulence  4aiaaat  4tra  stables,  la  aaabre  d‘ images  4 
traitar  aat  tr4a  grand  at  l'algorithae  complex* •  Ua  daws  autres  adthodea  aa  prdseateat  pu  eat  iacoa- 
vdaiaat  aaia  raqwidreat  la  prliiica  4'ua  source  hrillaata  blaa  qua  aea  ohligatoiramaat  poactunll*  4aas 
la  elan  d'iaoplaadtisa*  pour  attactuar  1' analyse  4a  froat  4'onde.  Kappaloaa  qua  cette  source  peat  Itra 
l'objat  lui-aSne,  dvaatuallamaat  utllls*  4aas  use  autr*  band*  spectral*  qua  calls  qui  aart  4  l'obaer- 
vatioa.  L'optiqu*  adaptativ*  aat  thdoriquamaat  la  a4the4e  la  plua  paiaaaata  aals  alia  sdcessit*  vaa 
technologl*  complex*  aa  eaara  4a  44«aleppaaaat. 


I.  COSKWSKM 

U  turkulaacs  ataoaphdriqu*  eoaatitaa  aaa  aberration  souv*nt  laportaata,  rapt dement  evolutive, 
4'aataat  plea  gdnante  qua  la  longueur  4'oa4a  aat  courts.  Toutetola,  au  court  4aa  4arai4raa  a aaia a, 
pluaiaura  adthodas  aunt  apparuaa  qul  peraattaat  da  coapaaaar  aaa  aftata.  Ellas  aoat  coaplana  ;  ua  dia- 
poaitit  axpdrinental  alapla  a'accoapsgaa  4'ua  traitaaaat  auadriqua  lourd  at  iavaraaaaat.  Cartaiaaa  oat 
fait  l'objet  da  ddooatratioaa  experimental**  poactuallaa  aaia  la  caractdra  opdratloaaal  raata  4 
dtablir. 

U  probldaa  da  1 ' iaoplandtisma  liaita  la  raatauratioa  daa  iaagas  4  ua  doaaiaa  aaqulaira  restraint 
quails  qua  aoit  la  adtbode  employe*.  Toutatoia,  data  uaa  4tapa  future,  la  fractionaeaeat  du  cbaap  aa 
uaa  aoaalqua  da  dooaiaaa  iaoplaadtiquaa  pout  aa  concavoir. 

Si  l'optiqua  adaptstiva  apparalt  coua  la  adtbode  la  plus  puiasaata,  las  adthodaa  nuadriquea  sp- 
pliqudaa  a  posteriori  aoat  probableaent  coapldaaatsiraa  :  on  paut  iaaginer  qua,  ai  la  coapaaaation  par 
l'optiqua  sdaptativa  a'sst  pat  parfaita  pour  daa  raisous  tachaoloqiquaa,  la  raatauratioa  soit  achevde 
par  uaa  adtbode  auadriqua  coaao  la  ddcoa volution  4  partir  da  \  analyte  daa  ddfauta  rdsidusla  du  front 
d'onda. 
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DISCUSSION 


K.  Altmann,  W.GR 

In  what  regime  of  turbulence  do  you  thiu.;  your  adaptive  mirror  works? 

Author's  Reply 

English  translation 

The  mirror  Is  designed  so  that  the  spacing  between  motors  measured  In 
the  pupil  is  of  the  order  of  rQ  (Fried's  diameter).  For  a  telescope 
of  3. A  m,  In  the  "COME  ON"  experiment,  this  corresponds  to  an  rQ  2  90 
cm,  for  the  viewing  in  the  spectral  domain  around  4  pm  (the  relation 
rQ,  Cn2  is  given  by  equation  (4)  In  the  text). 


A.  Ishimaru,  US 

How  short  is  the  short-exposure  time?  How  did  you  take  care  of  the 
slgnal-to-nolse  problem? 

Author's  Reply 

English  translation 

The  short  exposure  times  are  of  the  order  of  milliseconds. 

The  recording  of  images  are  done  In  conditions  where  photon  noise 
dominates  (visible,  and  less  than  one  photon  per  pixel).  The  slgnal- 
to-uoise  ratio  Is  then  proportional  to  pifi  where  p  is  the  number  of 
photons  per  pixel  and  M  is  the  number  of  images  used  for  the 
restoration.  So,  a  large  number  of  images  are  necessary.  Finally, 
the  bias  introduced  by  the  camera  response  on  the  spectral  densities 
has  been  calibrated  and  hts  been  eliminated  during  the  restoration. 


A.  Consortini,  IT 

How  much  is  the  value  of  the  distance  between  the  centers  of  the 
small  lenses  used  for  the  measurements  of  the  wavefront? 

Author's  Reply 

English  translation 

The  distance  between  the  center  of  the  microlenses  is  about  500  pm. 
It  varies  depending  upon  the  situation  so  that  it  is  of  the  order  of 
the  rQ  limit  (Fried's  diameter)  when  measured  in  the  pupil. 
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ABSTRACT 


This  paper  Is  divided  into  two  parts,  the  first  covering  atmospheric  measurement  trials, 
the  second  describing  predictions  of  atmospheric  effects  sensor  design. 

In  1985  a  programme  of  collaborative  electro-optical  research  was  agreed  between  ARE 
(Admiralty  Research  Establishment)  and  British  Aerospace,  co-ordinated  by  the  Naval 
and  Electronic  Systems  Division  at  Bristol.  The  object  of  this  research  was  to  gather 
trials  data  on  the  performance  of  electro-optical  systems  in  a  maritime  environment. 

In  order  to  achieve  this  objective,  it  was  important  to  measure  the  atmospheric  transmission/ 
emission  close  to  the  sea  surface  in  a  variety  of  weather  conditions. 

During  the  course  of  the  trial  (Fraser  Battery  October  1985)  considerable  experience  was 
gained  in  the  operation  of  various  imaging  sensors,  especially  in  calibration  and  measurement 
techniques.  The  need  to  obtain  calibrated  measurements  of  atmospheric  transmission/emission 
between  the  electro-optic  sensor  and  any  trials  target  is  to  be  emphasised.  This  paper 
describes  how  these  measurements  were  made  and  compares  the  results  to  those  predicted  by 
the  Lowtran  V  atmospheric  model. 

The  second  part  of  this  paper  describes  how  ozone  absorption  will  affect  the  design  of 
a  passive  surveillance  system  working  in  the  ultraviolet  band. 


PART  1  -  ATMOSPHERIC  MEASUREMENT  TRIALS 


1.1  INTRODUCTION 

MEASUREMENT  OF  ATMOSPHERIC  DATA 


In  order  to  assess  the  performance  of  electro-optic  systems,  it  is  necessary  to  know 
the  atmospheric  transmission  and  emission  effects.  This  trial  showed  the  importance 
of  measuring  these,  rather  than  simply  predicting  their  effects  from  atmospheric 
models  (unless  Tull  meterological  data  and  aeroaol  measurements  are  available). 

The  atmospheric  transmission  and  emission  data  from  the  computer  model  will  subsequently 
be  compared  to  those  obtained  from  the  trial. 


1.1.1.  MEASUREMENT  OF  ATMOSPHERIC  TRANSMISSION  USING  A  SINGLE  SOURCE 


Knowing  the  source  temperature  it  is  possible  to  calculate  the  emitted  radiance  of 
the  source.  If  the  received  radiance  on  a  source  pixel  is  measured,  then  the  atmospherl 
transmission  (or  attenuation)  is  given  by  ths  following  equation: 


This  work  has  bean  carried  out  with  the  support  of  the  Procurement  Executive, 
Ministry  of  Defence. 
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X.  » 

whore:-  X  = 


N 


r 


Atmospheric  transmission 

Measured  received  radiance  of 

“2  1 

source  pixel  /  W  m  si* 

Near  atmospheric  airlight  /  W  m  sr 

-2  - 1 

Source  emitted  radiance  /  W  m  sr 


The  problem  with  this  method  is  that  it  still  relies  on  the  LOWTRAN  model  to  produce 
an  estimate  of  the  near  atmospheric  airlight  and  so  does  not  give  completely  Independent 
measurements  of  the  atmospheric  characteristics.  This  problem  can  be  overcome  by 
using  two  sources  in  order  to  measure  both  the  atmospheric  transmission  and  the 
atmospheric  airlight. 


1.1.2.  Measurement  of  Atmospheric  Data  using  Two  Sources 


If  the  radiance  received  by  the  thermal  imager  is  measured  for  two  sources  which 
are  at  different  temperatures  but  at  the  same  range,  then  the  following  two  equations 
can  be  comprised  using  eqr.  <  1 ) :  — 

N  .  » 

N.  =  r1  -  . (1.2) 

1  T 

N  N 

r2  -  air  . (1.3) 

X 

Emitted  radiance  from  source  1 

-2  -1 
/  W  m  ‘sr  1 

i<2  =  Emitted  radiance  from  source  2 

Nrl  —  Received  radiance  of  source  1 


where:-  N, 


U 

r2  =  Received  radiance  of  source  2 
air  =  Near  atmospheric  airlight  radiance 


Atmospheric  transmission 


c!y  subtracting  eqn  (1.3'  from  eqn  (1.2)  and  rearranging  the  result  the  following 
equation  is  obtained:- 


X 


rl 


>2 


(1.10 


N,  -  N2 

Therefore  from  eqn  (1.8)  It  is  possible  to  calculate  from  the  measurements  of  the 
received  radiances  of  the  two  targets.  jla  this  equation  uses  the  difference  in 
received  and  emitted  radiances  of  the  two  sources,  this  method  of  measuring  atmospheric 
transmission  can  only  be  used  with  confidence  where  the  difference  in  temperature  of  the 
two  sources  is  quite  high.  This  is  necessary  to  ensure  that  the  radiance  differences 
are  reasonably  high,  because  small  difference  values  would  lead  to  high  errors. 

After  the  atmospheric  transmission  as  been  calculated  from  eqn  (1.4)  then  the 
atmospheric  airlight  can  be  calculated  from  either  eqn  (1.2)  or  (1.3). 


1.2  TRIALS  CONFIGURATION 


The  trial  at  Fraser  Battery  in  October  1985  employed  two  land-based  far-infrared 
band  thermal  Imagers  and  two  boat-carried  standard  soirees  (1mz,  temperature 
controlled  panels).  The  Imagers  ano  sources  were  between  4  to  10m  above  sea  level 
and  the  boat-carried  sources  could  be  viewed  along  a  near-horizontal  over-water 
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line  of  sight  at  ran ges  between  2  to  Ska.  Calibre’ ion  of  tha  tharaal  imagers  was 
achieved  by  viewing  two  or  thraa  standard  sources  at  vary  short  range  (approximately 
20  metres)  and  tha  iaages  ware  recorded  with  non-AGC  analogue  video  recorders.  An 
autoaatlc  recording  aeteorological  station  waa  used  to  provide  all  the  data  (except 
visibility  and  aeroaol  measurements)  required  for  ataoapherlc  transmission  and 
emission  modelling  purposes  (LOWTRAN  V).  Measurements  were  taken  unJer  a  range 
of  weather  conditions  and  visibilities. 


1.2.1  Imager  Ca* lbratlon. 


The  thermal  imagers  oan  be  calibrated  in  terms  of  received  radiance  by  viewing 
e  .lumber  of  standard  temperature-controlled  panels  (well  resolved  by  the  imagers) 
at  very  short  range,  where  atmospheric  transmission  and  emission  effects  will  be 
negligible.  In  principle,  the  imager  response  curve  will  be  pleoewise  linear  and 
the  temperatures  of  two  calibration  sources  should  be  chosen  appropriately  (see 
Figure  1.1),  or  a  larger  number  of  sources  used.  For  radiances  close  to  those  of 
the  calibration  sources,  non-linearity  effects  in  the  recording  system  should  also 
be  largely  self-cancelling. 


1.2.2.  Imager  HTF  Effects 


As  the  radiance  calibration  was  carried  out  using  well-rssolved  sources,  radiance 
measurement  of  longer  range  sources  also  requires  that  they  are  well  resolved.  This 
is  particularly  true  when  one  considers  blurring  of  the  image  due  both  to  optical 
effects  and  to  detector  scanning  effects  (optical  and  modulation  transfer  functions). 
Figure  1.2  shows  a  digitised  example  of  this  effect,  where  the  anticipated  'uniform 
image  radiance'  is  only  achieved  for  the  central  group  of  pixels.  It  is  possible 
to  apply  processing  to  partially  compensate  for  Imager  MTF-blurring  effects,  but 
the  need  for  well-resolved  sources  is  obvious  from  figure  2. 


1.2.3  Received  Radiance  Measurements 


Data  reduction  follows  the  schematic  of  figure  1.3,  where  the  analogue  sensor  output 
is  digitised  and  then  compensated  for  sensor  MTF.  Following  the  calibration  procedure, 
the  received  radiance  from  the  source  (including  atmospheric  'airllght'  emission) 
can  be  directly  determined. 


1 . 3  ATMOSPHERIC  TRANSMISSION  AND  EMISSION  MEASUREMENTS  AND  PREDICTIONS 


As  the  measured  received  radiance  contains  both  the  attenuated  source  emissions 
and  a  contribution  from  atmospheric  airllght  emission  (see  Figure  1.9).  a  single- 
source  measurement  must  rely  on  an  estimate  of  this  airllght  contribution  if 
atmospheric  transmission  'measurements'  are  to  be  made.  Tables  1.1  and  1.2  show 
examples  of  single-source  transmission  measurements  for  the  two  Imagers  used  on 
the  trial,  the  airllght  estimates  having  been  made  using  the  LOWTRAN  V  program. 

The  LOWTRAN  V  estimated  transmission  agrees  closely  with  these  single-source 
measurments ,  but  it  must  be  remembered  that  these  are  based  on  the  related  air¬ 
llght  predictions  from  LOWTRAN  V. 

The  two-source  differential  measurement  techniques,  however,  gives  a  direct 
measurement  of  both  atmospheric  transmission  and  emission  in  the  measurement  band. 
Examples  from  the  1985  trials  of  the  measured  transmission  and  airllght  (using 
this  two-source  technique)  are  also  given  in  Tables  1.1  and  1.2.  It  will  be  seen 
that  these  measurements  indicate  lower  transmissions  and  higher  airllght  emissions 
than  predicted  by  LOWTRAN  V  (with  the  model  atmosphere  assumed  to  be  most  appropriate 
for  this  maritime  situation  and  latitude).  As  no  aerosol  measurements  were  available 
it  would  not  be  surprising  if  a  low  over-water  llne-of-slght  such  as  this  were  to 
behave  differently  from  the  LOWTRAN  V  prediction. 


1.4  TRIALS  CONCLUSIONS 


Whan  carrying  out  trials,  the  need  to  measure  both  atmospheric  transmission  and 
emission  is  recommended,  rather  than  purely  relying  on  predictive  techniques, 
especially  for  non-standard  situations  as  far  as  atmospheric  modelling  is  concerned. 


Improvements  to  both  the  recording  and  calibrating  techniques  employed  in  1985 
are  recommended  as  the  overall  measurement  accuracy  at  that  time  was  not  as 
good  as  was  hoped  for.  Recent  experimental  work  indicates  a  considerable 
improvement  in  accuracy. 


PART  XX 


ATMOSPHERIC  EFFECTS  OH  SENSOR  DESIGH  IN  THE  200-300nm  WAVEBAND 


2.1  INTRODUCTION 


Infra-red  dsteotion  systems  are  normally  designed  to  work  within  an  atmospheric 
window i  to  maximise  range  perfori  '.  The  window  that  the  system  designer  will 
normally  choose  to  operate  in  is  i  ■.  on  a  knowledge  of  the  spectral  emittance 
characteristics  of  the  objects  he  i.  rying  to  detect  (barring  limitations  in 
detector  performance).  As  detection  systems  become  more  sensitive,  the  problem 
of  rejecting  background  clutter  becomes  more  acute  requiring  sophisticated 
algorithm  development.  The  Electronic  Warfare  Department  at  British  Aerospace, 
Bristol  has  recently  undertaken  a  system  study  on  the  design  of  a  passive  detection 
system  operating  within  the  ozone  absorption  band  between  200  and  300nm.  The 
reasons  for  designing  suuh  a  system  to  work  within  an  absorption  band  are  outlined 
in  the  following  seotion. 


2.2  OZONE  ABSORPTION  EFFECTS 


In  the  Ultra-Violet  spectral  band  there  is  strong  absorption  due  to  atmospheric 
ozone  which  consists  of  a  few  diffuse  bands  followed  by  a  very  strong  continuum 
which  extends  from  200nm  to  300nm. 


Below  300nm  the  radiance  from  the  atmosphere  is  negligible  in  comparison  with 
the  radiation  arriving  from  the  sun. 


It  is  not  normal  practice,  as  previously  described  to  operate  a  passive  detection 
system  within  an  atmospheric  absorption  band.  However  the  ozone  concentration 
is  an  order  of  magnitude  lower  at  sea  level  than  at  altitudes  between  15  and  20km 
(figure  2.1)  and  thus  the  sun's  radiance  at  sea  level  is  greatly  reduced.  If 
therefore  the  ozone  continuum  at  sea  level  allows  reasonable  inband  transmission, 
a  detection  system  could  work  against  a  virtually  black  photon  background.  To 
calculate  the  optimum  spectral  response  of  a  device  operating  within  thij  absorption 
band,  the  solar  irradiance  background  count  at  sea  level  has  to  be  calculated. 

A  simple  model  has  been  developed  to  predict  the  solar  irradiance  at  any  altitude. 

If  it  is  assumed  that  the  sun  is  a  Lambertian  surface  of  radius  r,  then  the  spectral 
irradiance  H  from  the  sun  at  range  R  is  defined  by: 


Hx  -  tCr/JO* 

where  L  y,  is  the  spectral  radiance  of  the  sphere. 

If  it  is  assumed  that  the  sun  is  a  blackbody  with  unit  emissivity  at  a  temperature 
(T  )  of  5900K,  then  the  spectral  radiance  is  given  by 


lx  «Z«hc*  (expChc/ikD-l)*1 

The  spectral  photon  irradiance  N*  is  then  given  by: 

ti  Vea 


(2.2) 


(2.3) 


where  T*  la  he  atmospheric  transmission  and  E  is  the  energy  per  photon  of  wave¬ 
length  .  To  calculate  the  atmospheric  transmission  it  is  assumed  that  the 
atmospheric  transmission  is  dominated  by  ozone  absorption  below  315nm.  For  a 
vertical  path  through  the  atmosphere  from  sea  level  to  100km  that  is  approximately 
3.2mm  of  ozone  at  STP.  The  maximum  ozone  opacity  is  approximately  1  dor /gramme 
(255nm) . 

The  result  obtained  by  Tanaka  and  Inn  (1)  display  a  5%  variation  in  ozone  opacity 
given  a  variation  in  pressure  from  0.3  to  650mm  Hg.  An  equivalent  pressure 
variation  is,  observed  in  the  atmosphere  as  altitude  varies  from  500metres  to  50km. 
The  Doppler  broadening  of  the  individual  transition  lines  will  not  be  important 
in  comparison  with  the  Lorentz  broadening  until  the  atmospheric  pressure  is  below 
lOmbar  (WOLFE  and  ZISSIS(Z)).  Atmospheric  pressure  does  not  fall  below  lOmbar 
until  the  altitude  exceeds  30km.  Since  the  majority  of  atmospheric  ozone  is 
distributed  below  30km,  the  largest  contribution  to  atmospheric  absorption  will 
occur  within  a  region  of  constant  opacity. 


If  Nv  (x)  photons  per  second  of  wavelength  are  normally  incident  upon  a  section 
of  atmosphere  with  unit  area  and  thickness  dx  ,  then  the  number  absorbed  at 
position  x  is  defined  by 
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Uilng  equation  2,13,  the  eoler  spectral  photon  irradlanoa  la  plotted  in  figure 
2.3  at  a  funotlon  of  wavelength.  This  figure  shown  that  the  saa  level  Irradlanoa 
la  laaa  than  1ph/aee/a*/na  for  wavelengths  between  232  and  275nm.  Henee  a  system 
with  a  heat  spherica*  POV  and  r.  la  eolleoting  aperture  will  receive  laaa  than 
1  photon  per  aaoond  froa  the  aun  in  this  waveband.  For  a  detection  ayataa  to  he 
oeapletely  solar  blind,  it  oust  therefore  have  a  filter  whioh  rolls  off  to  a  atop 
band  with  rejection  greater  than  10*  at  3l5na. 


As  previously  deaeribed  tha  solar  irradlanoa  at  any  altitude  depends  on  the  optical 
path  length.  Aa  tha  major  oonoentration  of  otona  is  between  10  and  25km  the  optical 
path  lengths  will  not  change  aignifioantly  until  the  receiver  exceeds  an  altitude 
of  10km.  Therefora  the  aolar  irradiance  will  not  change  significantly  until  the 
receiver  exceeds  an  altitude  of  10km,  with  it  rising  exponentially  above  this 
altitude.  We  aay  conclude  that  an  operational  ceiling  for  a  UV  detection  system 
will  be  about  10km.  When  the  sun  is  at  low  aenith  angles,  the  optical  path  length 
is  inoraaaed.  If  aoleoular  absorption  were  tha  only  aechanism,  then  the  optical 
path  length  would  inoreaaa  aa  the  ooaaeant  of  tha  zenith  anglt,  However,  scattering 
beooaes  increasingly  iaportant  at  low  anglaa,  especially  at  short  wavalengtha. 

Green  (A)  predicts  that  the  solar  irradianca  at  280naa  will  be  reduced  by  four 
orders  of  magnitude  when  the  aun  ia  at  a  aolar  angla  of  5  deg  compared  with  over¬ 
head  (90°). 

Atmospheric  transmission  ;lose  to  the  earth's  surface  within  the  l’V  solar  blind 
speotral  region  is  a  function  of  the  aerosol  profile.  At  low  visibilities  (high 
aerosol  profile),  transmission  is  dominated  by  aerosol  effects,  which  in  this 
passband  are  almost  independent  of  wavelength.  Molecular  scattering  effects  era 
calculated  aa  a  function  of  the  fourth  power  of  the  wavelength.  Htnoe  the 
molecular  transmission  ia  a  uonotonloally  increasing  function  of  wavelength, 
ts  shown  in  figure  2. A  Molecular  absorption  in  the  middle  UV  it  dominated  by 
the  strength  of  the  osone  absorption  continuum  from  195  to  315nm  (figure  2.2). 

Hence  oxone  is  the  only  molecular  species  included  in  the  molecular  absorption 
calculation. 

It  may  be  concluded  that  a  UV-band  detection  system  will  be  more  sensitive  to 
aerosol  concentration  than  a  visible  or  infra-red  system.  This  is  a  physical 
oonsequenoa  of  increased  scattering  with  shorter  wavelengths.  At  altitudes 
above  sea  level  and  up  to  10km  (where  the  atmosphere  is  cleaner),  the  detection 
range  will  Increase.  However,  above  10km  the  ozone  concentration  Increases 
rapidly  and  transmission  will  fall  below  that  at  sea  level. 


2.3  EMISSION  SOURCES 


In  the  design  of  any  detection  system,  one  has  to  consider  the  magnitude  of  the 
emitting  sources  that  the  system  is  designed  to  detect.  The  primary  source  of 
radiation  in  this  UV  waveband  will  arise  from  the  hot  combustion  product'  which 
o'-our  in  rocket  exhaust  plumes.  The  radiation  from  these  is  primarily  of  mole¬ 
cular  origin;  however,  electronic  levels  are  excited  and  give  rise  to  weaker 
emission  in  the  visible  and  ultra  violet. 

Conversely  the  reaction  zone  of  an  exhaust  flame  may  contain  high  concentrations 
of  electronically  excited,  middle  UV  active  species.  This  zone  may  be  far  from 
thermodynamic  equilibrium,  in  which  case  the  distribution  of  electronic  states 
of  a  given  radical  aay  not  be  Maxwellian. 

The  chemical  reaction  that  creates  a  true  radical  may  create  disproportionately 
large  numbe-s  in  an  excited  state;  for  example  the  reaction 


CH 


02 - >  CO 


OH 


is  sufficiently  energetic  to  create  electronically  excited  OH  radicals.  As 
the  radical  decays  to  the  ground  state,  it  will  emit  photons  in  the  middle  UV. 

This  mechanism  is  called  Chemiluminescence.  This  emission  of  radiation  is  not 
adequately  described  by  the  Maxwell  distribution  or  by  Planak’s  law  for 
blaakbody  emission. 

In  the  middle  UV,  the  largest  emissions  froa  a  hydrocarbon /air  flame  are  due 
to  the  electronic  excitations  levels  of  OH.  The  most  intense  emissions  are 
from  the  (0,0),  (1,0)  and  (0,1)  bands  of  the  306. Ann  transition.  Much  weaker 
emissions  are  found  at  267. 7nm  (3,1)  band  and  at  260. 9nm  (2,0)  band.  Further 
details  of  the  fine  structure  are  given  in  references  (5,6).  Calculation  of 
these  emissions  within  the  solar  blind  region  requires  detailed  modelling 
of  line/band  emission  for  the  contributing  constituents  within  the  plume  structure. 
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2.*  ULTRA  VIOLET  DtTtjCTIpN  3TSTEH3 


Given  the  solar  radiance  characteristics  and  tha  axhauat  pluaa  signature,  tha 
Ideal  deteeter  ahould  have  a  gagaband  froa  232na  to  2T5na.  Ita  spectral  response 
auat  roll  off  to  less  chan  10  '"counts  per  photon  outside  the  paasband  (specifically 
beyond  200na  and  315nm).  It  la  very  difrioult  to  aehleve  a  speetral  response  with 
eueh  fast  roll  off  whilst  maintaining  a  hl(h  sensitivity  within  the  paasband. 

The  aost  promising  device  found  to  perform  this  task  la  the  phototube  (7).  A 
phototube  consists  of  two  elre'.rodes  within  an  evacuated  ohaaber.  A  potential 
la  applied  between  the  two  eleotrodea.  When  photons  with  sufficient  energy 
are  Incident  upon  the  cathode,  It  salts  electrons  which  are  attracted  to  the 
anode.  A  saall  anount  of  Inert  gas  can  be  introduced  to  the  tube:  this  results 
in  an  aaplifioation  of  the  initial  photo-current  by  ionisation  cf  the  can.  With 
the  oorreot  electrode  spacing  and  gas  pressure,  avalanohe  ionisation  is  caused 
by  the  eaiaaion  of  a  single  electrode,  thus  the  tube  aay  be  configured  to  have 
a  large  amplification . 

The  short  wavelength  spectral  response  depends  on  the  choice  of  window  aaterial 
for  the  phototube.  Many  dyes  and  polyaers  have  a  rapid  change  In  absorption 
length  with  wavelength.  Recent  studies  have  revealed  some  promising  candidates 
which  could  be  used  in  a  detection  systea. 

The  spectral  response  of  the  device  at  long  wavelengths  is  dependent  upon  the  work 
funotlon  of  the  aetal  that  forns  the  photo  cathode.  The  rate  at  which  the  response 
rolls  off  with  increasing  wavelength  is  dependent  upon  the  distributions  of  valence 
electrors  within  the  energy  levels  of  the  aetal.  At  abolute  aero  the  electrons  will 
ocoupy  chose  states  up  to  the  Feral  level.  In  this  case  an  electron  will  not  be 
eaitted  froa  the  surface  unless  an  incident  photon  has  a  wavelength  shorter  than 
the  cut-off  wavelength.  Tungsten  and  Copper  are  considered  the  most  suitable 
ea.  ide  metals  for  this  passband.  Factors  which  have  to  be  considered  in  the 
cathode  design  include  the  effect  of  temperature  on  the  spectral  response  and  its 
quantum  yield. 

2.5  SUMMARY 


In  this  brief  description,  we  have  outlined  thebasis  behind  the  design  of  a  ground 
based  detection  systea  working  in  the  200-300  oaone  contlriuua.  Detailed  calculation, 
especially  on  the  receiver  characteristics,  can  define  the  systems  performance 
under  a  variety  of  meteorological  conditions. 
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A  PUCIPTITATIOK  SCATTER  SXFERIMEHT  AT  30  GHZ 

Htim  Schmiedel  and  Alfred  Och« 

Forschungsinatitut  dar  Daucachan  Bundaapoat  balm 
Farmaldataehnlachan  Zentralamt 
D-6100  Darmstadt,  FadaraX  Republic  of  Germany 


Tha  Raaaarch  Institute  of  tha  German  PTT  Adminiatration  haa  initiated  and  put 
into  operation  an  experiment  to  atudy  a cat tar in*  of  microwaves  at  30  GHz  from  pre¬ 
cipitation,  which  ia  of  importance  in  interference  analyaia  and  ayatem  coordi¬ 
nation. 

The  meaaurementa  are  made  in  a  biatatic  configuration  with  tranamlt  and  receive 
aitea  aepareted  by  aome  25  km.  The  propagation  patha  are  run  in  a  vertical  plane 
containing  the  two  terminal  aitea.  Four  transmitters  are  operated  at  different 
fixed  elevationa,  one  receiver  ia  connected  to  a  fixed  antenna,  a  second  one  to  a 
ateerable  antenna.  Thu a  a  total  of  eight  main-beam  intersections  are  formed,  from 
which  precipitation  scatter  can  he  received  under  different  scatter  angles  and  at 
different  heights  up  to  10  km.  Both,  horizontally  and  vertically  polarised  signals 
are  measured.  In  addition,  a  line-of-sight  link  and  a  rain-scatter  link  are  oper¬ 
ated  at  30  and  11  GHz  for  the  purpose  of  comparison.  To  study  precipitation  scat¬ 
tering  in  a  situation  close  t.>  those  of  actual  communication  links,  a  further 
100- km  path  is  run  at  30  GHz. 

The  main  objectives  of  the  experiment  are: 

-  Studies  of  direct  relevance  to  system  design  and  coordination: 

-  long-term  statiatics  of  transmission  loss  in  various  interference  configura¬ 
tions  , 

-  significance  of  backscatter  in  relation  to  forward  scatter, 

-  influence  of  the  melting  layer, 

•  scattering  from  ice  crystals  up  to  a  height  of  10  km, 

-  power  density  spectra  and  fading  rate  of  the  scattered  signal. 

-  Studies  of  physical  processes  relevant  to  precipitation  scatter. 

The  experimental  set-up  is  described  and  first  results  of  the  measurements  will  be 
given  at  the  conference. 


Scattering  from  hydrometeors  may  cause  interference,  i.e.  unwanted  coupling  of 
different  microwave  radio  systems  operating  at  frequencies  above  10  GHz,  e.g.  from 
a  transmitting  terrestrial  radio-relay  station  into  a  receiving  earth  station  of  a 
satellite  system  (or  vice  versa)  whose  antenna  beams  intersect  in  a  precipitation 
area.  For  a  proper  coordination  of  such  systems  one  has  to  consider  the  probabili¬ 
ty  and  strength  of  scattered  signals  as  a  function  of  several  (meteorologicel  and 
system)  parameters  £1-4],  Experimental  Investigations  are  necessary  mainly  to 
study  the  impact  of  microscale  and  mesoscale  structures  of  precipitations ,  which 
ca-r.-it  be  deduced  theoretically. 

So  far,  a  couple  of  experiments  have  been  conducted  in  a  bistatic  configura¬ 
tion,  i.e.  with  a  significant  separation  (at -least  several  kilometres)  of  the 
transmit  and  receive  sites.  However,  only  few  of  them  have  been  run  over  at  least 
several  months  to  yield  statistically  significant  results  [5-11],  and  only  one 
[10]  at  a  frequency  above  20  GHz. 

In  addition  to  these  bistatic  measurements,  monostatic  radars,  especially  dual- 
polarized  or  dual -frequency  wheather  radars,  can  be  used  as  a  tool  to  investigate 
precipitation  structures  with  the  advantage  of  3-dimensional  spatial  resolution. 
It  is  possible,  e.g.  to  use  a  database  built  up  by  a  dual-polarized  radar  to  simu¬ 
late  precipitation  scattering  and  attenuation  on  a  variety  of  interference  paths 
within  the  area  covered  by  the  radar  measurements  [12]. 

Both,  the  monostatic  as  well  as  the  bistatic  measurements,  have  their  merits 
and  drawbacks.  It  has  to  be  noted,  however,  that  the  derivation  of  signal  intensi¬ 
ties  from  monostatic  radar  data  is  an  indirect  method  and  it  is  desirable  to  sup¬ 
plement  and  validate  the  results  by  direct  bistatic  measurements. 

Frequencies  as  high  as  30  GHz  become  more  and  more  interesting  for  satellite- 
to-earth  links,  especially  for  mobile  and  wide-band  applications.  Comparable  an¬ 
tenna  gain  and  lower  sidelobes  are  achievable  with  antennas  smaller  than  those  run 
at  lower  frequencies.  In  contrast  to  lower  frequencies,  scatter  effects  at  20  GHz 
are  more  pronounced  because  the  dimensions  of  the  raindrops  are  no  longer  small 
compared  with  the  operating  wavelength.  Furthermore,  the  attenuation  in  rain  is 
much  more  important  at  30  GHz. 

The  Research  Institute  of  the  German  PTT  Administration  has  initiated  and  put 
into  operation  an  experiment  to  study  precipitation  scattering  at  30  GHz  on  a  va¬ 
riety  of  bistatic  propagation  paths  in  the  vicinity  of  Darmstadt  (FRG) .  This  ex- 
perinent  is  a  continuation  of  earlier  measurements  at  11.5  GHz  [9].  It  is  con¬ 
ducted  in  coordination  with  similar  experiments  in  several  European  countries  in 
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the  fr aa« work  of  Action  210  of  eh*  European  Cooperation  in  the  7ial4  «,.*  Scientific 
and  Technical  Research  (COST). 

2  objectives  and  design  fconalderatloni 

The  experiment  hat  the  following  main  objectives : 

-  to  obtain  reliable  transmission  loss  statistics  for  a  variety  of  different  path 
geometries  which  may  be  representative  of  practical  interference  situations, 

-  to  study  physical  processes  relevant:  to  precipitation  scatter  with  the  aim  of 
improving  the  prediction  of  interference  signals, 

-  to  study  characteristics  of  the  received  scattered  signal  (such  as  depolarisa¬ 
tion,  power  density  spectra,  fading  rates  and  Doppler  shift)  which  will  deter¬ 
mine  the  impact  of  an  Interfering  signal  on  the  system. 

These  objectives  lead  to  partly  conflicting  requirements  for  which,  therefore, 
compromiie  solutions  for  the  main  design  parameters  had  to  be  found. 

£ ■  l_H>.ight_*boYe  around. of.  She  scattering  volume 

The  variation  with  height  of  the  scattering  cross  section  per  unit  volume  (ex¬ 
pressed  here  as  an  "equivalent"  reflectivity,  Z  )  and  the  maximum  height  at  which 
significant  scattering  can  occur  are  important  parameters  in  coordination  calcu¬ 
lations  because  they  determine  the  maximum  distances  between  interfering  and  in¬ 
terfered  stations  that  must  be  considered. 

Previous  statistical  observations  [7,  9,  13-15]  have  shown,  that  for  certain 
fixed  percentages  of  time  reflectivities  occur  which  decrease  with  height  above 
the  freezing  level  by  3-5  dB/ka.  Scattering  above  the  freezing  level  is  thought  to 
be  due  to  ice  crystals,  which  do  not  give  rise  to  simultaneous  attenuation.  More¬ 
over,  significant  scattering  can  sometimes  be  observed  up  to  the  trppopause  during 
heavy  thunderstorms.  To  study  this  variability  it  was  decided  to  apply  several 
transmitters  and  receivers  with  separate  antennas ,  whose  beams  intersect  at  vari¬ 
ous  heights  between  about  2  and  10  km.  One  of  the  receive  antennas  is  steerable 
and  can  be  directed  to  the  zenith,  thus  enabling  measurements  from  scattering  vol¬ 
umes  along  a  vertical  profile.  By  staggering  the  transmitters  in  frequency  it  is 
possible  to  measure  the  signals  from  the  different  paths  sisniltaneously  and  con¬ 
tinuously,  in  contrast  to  the  procedure  used  previously  for  our  11-GHz  experiment, 
in  which  only  one  transmitter  and  one  receiver  were  provided. 

2.2  Scattering  angle 

Microwaves  at  30  GHz  undergo  significant  attenuation  in  rain  and  wet  snow.  This 
leads  to  a  fundamental  distinction  between  propagation  paths  with  dominant  forward 
scatter  or  back  scatter.  In  the  former  cese  the  attenuation  acts  along  the  whole 
path  through  the  rainy  area,  thus  counteracting  the  increasing  scattering  cross 
section  per  unit  volume  with  increasing  rain  rate.  Hence,  with  forward  scattering 
the  net  signal  will  be  largest  for  low-to-medium  rain  rates;  at  high  rain  rates 
the  higher  attenuation  will  overcompensate  the  increased  scattering. 

In  the  backacatter  case,  however,  the  attenuation  of  the  scattered  radiation 
can  be  lower,  when  the  wave  ''as  to  travel  only  through  part:  of  the  rain.  If  an  in¬ 
tense  rain  cell,  with  a  steep  gradient  of  the  rein  rate,  at  its  front  approaches 
the  receiving  site  in  the  receiver-transmitter  direction,  high  reflectivity  in  the 
call  and  low  attenuation  outside  could  combine  to  produce  a  large  net  signal  [10]. 
Even  with  a  less  steep  gradient  the  maximum  scatter  signal  will  be  found  at  a 
higher  rain  rate  than  in  the  forward  scatter  case. 

With  the  steerable  receive  antenna  it  will  be  possible  to  study  both  these 
cases  (and,  of  cour-e,  intermediate  ones,  i.e.  side  scatter,  too).  A  comparison  of 
the  statistics  will  be  extremely  interesting. 

2-3 -Distance  transmitter  -  receiver 

To  study  physical  phenomena  that  depend  on  the  spatial  structure  of  precipi¬ 
tations,  relatively  small  and  well  defined  scatter  volumes  are  needed.  This  re¬ 
quirement  calls  for  highly  directive  antennas  and  moderate  path  lengths.  Hence,  an 
available  transmit  site  26  km  from  tha  receiving  station  at  Darmstadt  was  se¬ 
lected.  (A  shorter  distance  would  reduce  the  range  over  which  the  scattering  angle 
can  be  varied  for  scattering  volumes  at  greater  heights.) 

At  the  seme  time,  this  configuration  might  be  taken  as  a  realistic  example  of 
two  small  so 'called  business  stations  working  with  two  different  satellites.  It  is 
however  not  representative  of  a  terrestrial  radio-relay  station  interfering  with 
an  earth  station.  To  simulate  this  latter  case  too,  an  additional  transmit  station 
at  some  100  km  distance  was  installed  and  provided  with  a  horizontally  radiating 
antenna  of  moderate  gain. 
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Bearing  in  Bind  the  requirements  o f  network  plannari  tnd  on  tha  basis  of  tha 
present  knowledge  of  tha  statistics  of  reflectivity  at  great  altitudes  [7,  14],  it 
was  dacidad  that  tha  mirvlausi  datactabla  equivalent  reflectivity  (including  tha  af¬ 
fect  of  attenuation)  at  10  ka  above  ground  should  be  about  1  mmr/u“  *  0  dBZ .  As 
shown  later  this  minimus  reflectivity  leads  to  about  160  dB  transmission  loss  in 
our  experiment . 

2j-S_ZI>33UBBX  daoendanca 

Beth,  scattering  and  attenuation  increase  with  frequency  as  well  as  with  rain 
rate.  As  discussed  earlier,  at  30  OHa  this  will  lead  to  the  net  signal  reaching  a 
maximum  at  some  intermediate  rain  rate,  additionally  depending  on  the  rain  struc¬ 
ture  and  oath  geometry.  This  is  also  true,  in  principle,  at  lower  frequencies  (11 
CHs,  e.g.)  but  the  maximum  signal  then  will  occur  at  much  higher  rain  rates. 

In  contrast  to  the  above,  scattering  from  dry  ice  crystals  is  not  accompagnied 
by  appreciable  attenuation.  Hsr.ce,  its  relative  importance  will  be  much  greater  at 
30  than  at  11  GHs. 

It  is  evident  from  the  foregoing  discussion  that  marked  differences  are  to  be 
expected  between  30  and  11  GHs  effects.  Probably  it  will  not  be  possible  to  devel¬ 
op  a  simple  scaling  procedure.  To  study  these  dependencies  and  to  link  the  30-GHx 
results  to  the  results  of  the  earlier  11- GHs  experiment,  an  11-GHx  scatter  link 
with  fixed  antennas  will  be  operated  in  parallel  to  one  of  the  26-km  30-GHa  links. 

3  Experimental  configuration 

The  whole  experiment  is  composed  of  a  short-path  experiment  over  about  26  km 
(Nordheim- Darmstadt,  Fig.  1)  and  a  long-path  experiment  over  about  97  km  (Karls- 
ruhe- Darmstadt ,  Fig.  2).  The  two  paths  run  over  the  Rhine  valley  and  cross  the 
river  Rhine. 

Besides  transmission- loss  statistics,  the  main  intention  of  the  short-path  ex¬ 
periment  is  to  gain  information  on  the  precipitation  structure.  Thus  a  high  spa¬ 
tial  resolution  is  needed.  This  resolution  is  determined  by  the  beamwidths  of  the 
transmit  and  receive  antennas  and  must  be  a  compromise  as  discussed  later  on. 

In  principle  it  would  have  bean  possible  to  use  steerable  antennas  for  the 
transmit  and  receive  station  with  the  benefit  of  reaching  any  common  volume  of  in¬ 
terest.  The  disadvantage  of  this  concept,  on  the  other  hand,  is  the  sophisticated 
synchronisation  required  to  move  the  two  antennas  in  a  coordinated  manner.  Fur¬ 
thermore,  it  would  be  impossible  to  get  signals  from  different  scatter  volumes  si¬ 
multaneously,  using  only  one  antenna  at  each  site.  For  the  short-path  experiment 
we  therefore  decided  to  install  at  30  GHz  four  transmitters,  with  separate  anten¬ 
nas  at  different  fixed  elevation  angles  but  all  in  the  same  vertical  plane  detar- 
mined  by  the  terminal  sites.  To  distinguish  the  different  besms,  CW-signals  with 
different  frequencies  spaced  1  MHz  from  each  other  are  transmitted.  They  are 
picked  up  with  one  fixed  and  one  steerable  antenna  at  the  receive  site,  each  one 
provided  with  a  receiver  frontend.  The  different  frequency  channels  are  available 
after  downconversion  into  tha  1st  IF. 

With  this  arrangement  tha  signals  from  aight  different  scatter  volumes  can  be 
evaluated  simultaneously.  The  steerable  antenna  can  be  used  to  receive  both  for¬ 
ward  scatter  and  bsckacatter  as  well  as  scattering  from  the  zenith.  At  the  fixed 
antenna,  which  is  mounted  40  m  below  the  steerable  antenna,  low  receive  angles  are 
Partly  shadowed  by  a  building  nearby,  which  gives  us  some  site-shielding  against 
sidelobe  reception. 

The  following  consideration  deals  with  the  determination  of  the  elevation  an¬ 
gles  for  the  short-peth  experiment.  In  order  to  investigate  beckscatter  effects  up 
to  e  height  of  about  10  km  tha  maximum  transmit  clevatior  angle  is  set  to  17.1°, 
leading  to  heights  of  the  common  volume  of  8  reap.  10  km  corresponding  to  ele¬ 
vation  angles  of  90.0  and  123.0  of  the  steerable  antenna  on  top  of  the 
building.  K,L 

Because  of  the  antenna  brcamwidth,  tha  angular  spacing  should  be  >  3.0°,  to  en¬ 
sure  a  minimum  dacoupling  of  25  dB.  Tha  lowest  angle  is  chosen  to  be  3.8°,  so  that 
in  the  backscatter  casa  a  height  of  the  common  volume  down  to  2  km  is  obtained, 
which  ii  well  below  the  freezing  level  height  during  most  of  the  year  [13].  The 
other  angles  are  spaced  about  3.5  apart,  leading  to  7.4"  and  10.9°.  The  asimuth 
angles  of  all  the  transmitters  n re  adjusted  such  that  all  possible  scatter  volumes 
lie  in  the  mentioned  vertical  plane. 

To  get  information  about  the  attenuation  of  the  signal  from  the  scatter  volume 
to  the  receive  antenna,  the  scatter  experiment  will  later  on  be  combined  with  sig¬ 
nal  measurements  of  the  planned  OLYMPUS  satellite.  This  requires  to  fix  the  re¬ 
ceive  antenna  at  an  elevation  angle  of  6_.»  27  . 

The  short-path  scatter  experiment  iPsupported  by  a  lina-of-sight  link  to  ob¬ 
tain  additional  information  about  tha  attenuation  on  tha  whole  path.  Tha  precipi- 
tation  structure  investigation  is  supported  by  concurrent  rain-gauge  measurements . 

The  long-path  experiment  simulate!  a  radio-relay  interferenea  into  a  aatel- 
llte-earth  link.  This  necassltates  to  maka  use  of  an  nntanna  with  graater  beam- 
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width  typical  for  radio-relay  systems.  Transmission- loss 
gained  for  both  forward-  and  backacattar  geometries. 

4 Jaai and  receive  antannaa 

4,1  at  the  Short -path  experiment 

Tha  diameters  of  tha  involved  antannaa  ara  tha  raault  of  a  compromise.  On  ona 
hand,  hi  ah  spatial  resolution  is  wantad  for  invast igatina  tha  praclpitation  struc¬ 
ture.  Snail  baanwidths,  on  the  othar  hand,  laad  to  largo  dianatars  and  tharafora 
alaborata  entanna  nounting.  Turthamora,  tha  costa  ara  incroasad  as  tha  adjustment 
of  tha  antannas  Is  nora  sophisticatad  and  tiaa  consuming.  la  a  coaproalaa,  dia¬ 
natars  of  1.2  n  and  2.0  n  wars  chosan  for  tha  transnit  and  receive  antannaa ,  ra- 
spactlvaly.  Of  aqual  iaportanca  ara  low  aldalobas  to  radu'.a  unwant  ad  aidaloba  cou¬ 
pling. 

All  tha  transnlt  antannaa  ara  horlaontally  polar 1s ad,  whereas  tha  racaiva  an¬ 
tannas  ara  dual-polarisad  (hori tout ally  and  vertically).  Horizontal  polarisation 
was  chosan  to  achieve  comparable  scattaring-radiation  pattarna  at  diffarant  scat- 
tar  anfilas.  If  wantad  tha  transnit  antannas  could  latar  on  ba  turned  around  their 
exec  to  vortical  polarisation. 

As  tha  antannas  ara  not  oparatad  on  a  lina-of-sight  path,  thay  bed  to  ba  ad¬ 
justed  by  optical  naans.  This  was  dona  by  attaching  optical  nirrors  to  tha  raar  of 
tha  antannas,  so  that  tha  tsirror  anas  ara  parallel  to  tha  respective  electrical 
antenna  axes.  The  deviations  fron  this  theoretical  aligasMnt  were  Measured .  With 
tha  declinations  baing  known,  all  antannas  were  adjusted  in  the  operating  position 
by  geodetic  neons.  The  over-all  alignawnt  error  is  below  0.015  . 

The  nain  antenna  parameters  are  conpiled  in  Table  1. 

For  the  line-of-sight  link  a  parabolic  antenna  is  used  for  the  transmitter  and 
a  horn  antenna  for  the  receiver. 


Station 

Nordheim 

Karlsruhe 

Darmstadt 

(Transmit) 

(Transmit) 

(kacaive) 

Diameter 

1.2  m 

0.6  m 

2.0  m 

Gain 

47.0  dBi 

40 . 3  dBi 

51.0  dBi 

Beamwidth  (3dB) 
Sidelobe  suppression 

0.7° 

1.6° 

0.4° 

-19  dB 

1st  sidaloba 

-16  dB 

-23  dB 

>3  °  off  axis 

-25  dB 

- 

-33  dB 

>20°  off  axis 

-48  dB 

- 

-52  dB 

Polarisation 

horimontal 

horizontal 

horiz./vartic. 

Crosapol .  iaol . (XPI ) 
Acimuth  direction 

>  30  dB 

38.8° 

>  30  dB 

9.2° 

>  30  dB 

219.0”  (Nordheim) 

189.2°  (Karlsruhe) 

4.2  Antannas  of  tha  Iona- oath  experiment 

The  main  objective  of  tha  long-path  experiment  is  to  simulate  a  radio-relay  in¬ 
terference  situation.  Therefore,  one  transact  antenna  is  installed  at  Karlsruhe 
(97  kn  south  of  Darmstadt)  at  an  elevation  angle  of  0°.  The  steerable  receive  an¬ 
tenna  is  used  for  the  short-path  experiment  and  for  the  recaption  of  tha  29.45  GHs 
CW  signal  fron  Karlsruhe  as  wall. 

The  diameter  of  the  transmit  antenna  is  ssutllar  than  those  at  Nordheim  to  be 
comparable  to  that  of  a  typical  radio-relay  station  (0.6  n  0).  The  signal  is  again 
horisontally  polarised,  with  the  option  for  changing  to  vertical  polarisation. 

The  «ise  ,of  the  coassou  scatter  volume  near  the  receive  site  at  Darmstadt  is 
about  8*10  m  for  recaption  from  tha  sanith.  It  varies  as  l/sinJ(€., )  (sac  Fig. 

9  \ 


5  Transmitters  and  receivers 
5.1  general  considerations 

In  designing  tha  experiment,  we  intended  to  detect  a  minimum  equivalent  reflec¬ 
tivity  of  0  dBZ  for  the  short-path  geometry  (Nordheim-Darmstadt) .  Assuming  a  0-dB 
signal-to-noisa  ratio  and  tha  antenna  gains  of  Table  1,  tha  maximum  transmission 
loss  to  ba  measured  Is  about  160  d£  [lj. 

As  a  travailing  wave  tuba  with  higher  power  for  tha  transmitter  would  be  ex¬ 
tremely  expansive  compared  to  s  solid-state  solution,  we  decided  to  use  a  Sunn  os¬ 
cillator.  State  of  the  art  is  an  output  pewar  of  about  +20  dBm  at  30  GHs. 

Tharafora  we  needed  high  receiver  sensitivity.  As  a  compromise  between  perform- 
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ance  and  coat  we  choao  a  aolid-atata  vara ion  run  at  a  stabilised  temperature  of 
about  320  K.  To  achieve  a  noiaa  floor  of  about  -140  dBu  tho  racaivar  bandwidth 
must  no,  axaad  about  1  kHa.  Thia  relatively  narrow  bandwidth  conflicta  with  tho 
riceivsd  Doppler- broadened  frequency  spectrum. 

As  tha  acattor  procaaa  ia  inducad  by  pracipitation  particlaa,  wa  hava  to  daal 
with  a  Popplar  ahift  of  tha  acattarad  f raquancy  dua  to  notions  of  tha  hydroma t- 
aora. 

With  our  geometry,  a  maximum  wind  apaad  of  30  a/a  [16]  can  cauaa  Dopplar  ahifta 
up  to  about  <7-4.5  kHa,  depending  on  tha  wind  direction.  Tha  falling  apeed  of  rain 
droplets  (0  ...  10  a/s,  depending  on  the  dropaiae  [17])  will  produce  a  Doppler 
broadening  of  the  spectrum  of  about  1  kHa.  Hence  wa  chose  an  kF-bsndwidth  of  1  kHa 
for  tha  detection  with  an  additional  ahift  of  10  kHa  (♦/-  5  kHa)  controlled  by  tha 
AFC- circuit.  This  requires,  of  course,  a  high-precision  frequency  reference.  Aa 
the  AFC-voltage  ia  available  for  recordli.g  purpose,  wa  have  aa  wall  an  information 
about  tha  naan  frequency  ahift.  It  nuat  be  admitted,  however,  that  turbulent  no¬ 
tions  in  the  scattering  volume  night  occasionally  increase  the  spectral  width  of 
the  received  signal. 

5.2  Trawanitters 

All  30-GHs  transmitters,  including  the  line-of-aight  equipment,  are  identical 
in  design  to  be  interchangeable  in  case  of  a  failure.  The  frequency  controlled 
Junn  oscillators  provide  an  output  power  of  +22  dBm.  A  PLL  circuit  locks  the  fre¬ 
quency  to  an  atonic  frequency  standard  with  a  long-term  accuracy  better  than 
10*  .  The  transmitters  are  tuned  close  to  29.65  OHs,  with  a  frequency  spacing  of 
1  MHz .  High  stability,  especially  constant  output  power  is  achieved  by  temperature 
control  of  the  whole  transmitter.  In  addition,  the  power  is  monitored  by  a  oecec- 
tor  diode.  By  means  of  a  heating/ cooling  system  the  temperature  of  the  circuit  ia 
stabilised  at  45°C  with  a  tolerance  of  <7-1  C  within  an  ambient  temperature  range 
from  -10°C  to  <30°C. 

The  same  holds  for  the  receiver  frontenda  described  in  the  following  chapter. 


Each  of  the  two  parabolic  receive  antennas  and  the  additional  horn  for  the 
line-of-aight  link  are  connected  to  a  receiver  frontend.  Without  prefiltering  the 
signal  ia  fed  to  tha  first  mixer  (see  Fig.  3).  The  design  of  the  local  oscillator 
(LO)  is  the  same  as  for  the  transmitters.  Its  frequency  is  locked  to  a  frequency 
standard  (10'  ).  The  signal  is  then  amplified  in  the  1st  IF.  The  receiver  fron¬ 
tend  is  mounted  in  a  temperature  controlled  box  at  the  rear  of  the  respective  an¬ 
tenna. 

The  1st  IF  ia  fed  to  the  backends,  where  5  channels  are  operating  at  different 
frequencies  with  spacings  of  1  MHz  each,  corresponding  to  the  transmit  frequen¬ 
cies.  Every  channel  consists  of  two  subchannels  for  the  horizontal  and  vertical 
polarisation. 

The  2nd  oscillator  ia  a  voltage- controlled  crystal  oscillator  (VCXO)  controlled 
by  an  aut out i c - f requency  control  unit  (AFC).  The  input  of  the  AFC  unit  is  fad  by 
the  horizontally  polarised  signal  because  its  level  is  more  than  some  15  dB  higher 
than  that  of  the  vertically  polarised  channel.  The  output  of  the  VCXO  is  supplied 
to  both  channels  so  that  the  two  orthogonal  sub-channels  are  synchronised  in  fre¬ 
quency.  The  RF-bandwidth  of  tha  2nd  IF  at  10.7  MHz  is  10  kHz ,  equal  to  the  capture 
range  of  the  AFC. 

The  noise  temperature  of  tha  receiver  was  measured  by  cold- load  calibration. 
According  to  the  bandwidth  of  1  kHs,  the  noise  temperature  of  567  X  leads  to  the 
noise  floor  of  -138  (Urn  at  the  antenna  input  port.  With  the  1-dB  compression  point 
at  -50dBm  tha  dynamic  range  of  the  receiver  is  88  dB.  The  2nd  IF  output  voltage  is 
amplified  by  a  logarithmic  amplifier  at  10.7  MHz .  its  output  is  available  for  re¬ 
cording  purpose.  The  overall  power  accuracy  is  about  </-  0.3  dB. 

Thus,  the  maximum  measurable  transmission  loss  is  160  dB. 

To  ensure  long-term  stability  the  whole  receiver  chain  is  calibrated  including 
the  frontend  every  12  hours. 

6  Additional  measurements 

To  investigate  precipitation  structures,  additional  measurements  are  made.  To 
deduce  attenuation  of  the  atmosphere,  time  coordinated  radiometer  data  are  evalu¬ 
ated.  The  spatial  distribution  of  the  rain  rate  ia  obtained  by  evaluating  4  rain- 
gauges  along  the  path,  the  data  of  which  are  stored  in  semiconductor  memories.  A 
raingauge  comprises  a  dropcounter  and  tipping  bucket  measuring  system,  so  that 
rain  rates  from  0.1  mm/h  to  200  mm/h  with  an  accuracy  of  about  10  X  and  a  time  re¬ 
solution  of  15  s  can  be  recorded. 

To  study  the  frequency  dependence  of  scattering  an  additional  scatter  link  op¬ 
erating  at  11  GHz  is  installed  in  parallel  to  the  29.65  GHz  links  between  Nordheim 
and  Darmstadt  making  use  of  existing  equipment  from  earlier  experiments  [9]. 


7  Conclusion 


The  experiment  mi  first  put  into  operation  in  November,  1986.  However  duo  to 
failure  of  the  equipment ,  evaluation  of  data  haa  boon  delayed.  Wo  therefore  aee 
forward  tc  present  first  results  during  the  symposium  in  May  1987. 
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Fig.1  Geometry  of  the  ihort  -  path  experiment 
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SU69ARY 

This  ptptr  presents  observations  of  phm  delay  through  rain  ot  JS  6ttz.  Tho  results  or*  portlnont 
for  target  IdentlfleaMon  tdien  relative  amplitude  and  photo  Information  art  uaod  from  circularly 
polarized  radar  return: 

At  tho  transmitter  site,  a  9.0  6Hz  source  was  vertically  polarlaod  and  a  9ft. t  SKz  tourca  Mat  right- 
hand  circularly  polarlaod.  A  tlnglo  local  oscillator  phased  locked  both  tourcot. 

At  the  receiver  tlto,  1050  •  away,  the  local  oscillator  wat  photo  locked  to  the  received  9.6  GHz 
tlgnal.  Both  left-  and  right-hand  circular  polarization!  at  96.1  GHz  were  received  utlng  separate 
antennat.  The  phase  of  each  polarization  at  96.1  GHz  wat  manured  relative  to  the  9.6-6Ha  reference. 
This  allowed  the  examination  of  the  behavior  of  the  differential  phase  delay  of  the  circular 
polarlaatlont. 


1.  BACKGROUND 

When  colorimetric  radars  [1]  are  used  to  Identify  targets  [2],  the  effect  of  the  atmosphere  on  the 
propagation  of  the  radar  signal  mutt  be  considered.  In  particular.  If  the  relative  phase  and  amplitude 
of  the  circularly  polarized  components  of  a  radar  return  are  to  be  used  In  the  Identification  of  the 
target,  changes  In  the  relative  phase  and  amplitude  caused  by  the  atmosphere  are  Important. 
Measurements  of  the  effect  of  rain  are  reported  here. 

Using  complex  valued  notation  anu  suppressing  the  time  dependence,  exp(jwt),  a  polarized  plane  wave 
at  a  point  In  space  can  be  denoted  by 


C  *  *v  *  fh  M 

tftere  ^  and  E  ire  the  complex  vector  amplitudes  of  the  vertically  and  horizontally  polarized 
components  of  the  wave.  The  vertical  component  has  the  form 


Cy  -  avEvexp{jlv)  (2) 

where  a  is  the  unit  vector  In  the  vertical  direction,  Ey  Is  the  real  amplitude,  and  By  is  the  phase  of 
the  vertical  component.  The  horizontal  component  Is  expressed  In  a  corresponding  form. 

In  mat<-1x  rotation,  a  transmitted  polarized  plane  wave  can  be  denoted  by 


Ihe  ffect  of  the  propagation  of  the  wave  through  a  medium  with  polarization  Influencing  properties 
'such  as  rain  [31)  Is  then  described  by  a  transmission  matrix,  T,.  A  linearly  polarized  wave.  E,  after 
propagation  through  the  medium.  Is  given  by  the  transmission  equation 


l 


E 


Vt 


(4) 


where 


4hh  *vh 
*hv  *vv 


(5) 


Each  element,  t_y,  of  the  transmission  matrix  Is  complex  valued  and  gives  the  gain  and  phase  shift  of 
the  transition  of  energy  from  the  *x"  polarized  wave  to  the  *y*  polarization. 


For  circular  polarization,  the  polarized  plane  wave  can  be  represented  by 


E 


(6) 
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where  the  subscripts  r  end  1  denote  right-  tnd  left-hand  polarized  components.  The  transmission  matrix, 
Te,  for  circular  polarization  It  related  to  tht  transmission  matrix  for  llnotr  polarization  by 

%  -  C^C'1  (7) 

whore 


Ideally,  on*  would  tike  to  know  the  transmission  matrix  of  tho  propogotton  poth.  Then  tht  relative 
photo  tnd  amplitude  of  tho  rodor  ocho  could  bo  corroctod  for  tho  offtctt  of  propagatlcs. 

Dio  experiment  dotcrlbod  In  thlt  paper  wot  designed  only  to  demonstrate  tho  offoctt  of  roln  on  tho 
relative  amplitude  tnd  Photo  of  circularly  poltrlnd  worn  ot  96  Shi.  Subsequent  experiments  tro  noodod 
to  dotonolno  tho  transmission  Matrix. 


t.  TEST  SITE 

Tho  tott  ilit  wot  locotod  at  tho  tadttono  Arsenal  noor  Huntsville,  Alabama.  Tho  poth  wot  over 
lovol  ground  with  10SO  ■  toporotlon  botwoon  tho  troninlttlng  tnd  roco lying  ontonnos.  Tho  ontonnot  ot 
ono  end  of  tho  poth  wort  S  a  obove  ground  lovol  and  at  the  othor  and,  3  m.  Observations  war*  Mtdo  froM 
Soptanbor  16  through  NovaMbnr  30,  1906. 


3.  EQUIPMENT 

All  of  tho  transmitter  ond  rocolvor  electronics  wort  protoctod  froe  tho  woothor  ond  worn  houtod  in 
thermally  Intulotod,  oloctronleolly  thtoldod  boxot.  Thermostat  controlled  hootort  ond  circulating  air 
font  In  ooch  box  provided  o  controlled  operating  environment  ovor  o  wide  range  of  anient 
tanporoturot.  A  conitont  oncloturo  tOMporaturo  wot  necessary  fbr  tho  proper  operation  of  Mach  of  tho 
radio  frequency  (rf)  electronic!.  TherMO)  ttoblllty  wot  especially  critical  for  the  phase  neaturaMents. 

Fig.  1  Illustrate!  tho  configuration  of  tho  transmitters.  A  tingle  100-MHz  temperature-controlled 
crystal  oscillator  (TCXO)  was  used  at  tho  reference  for  both  tho  9.6-  and  96.1-CHz  sources.  The  phase 
of  tho  reference  It  denoted  at  •».  All  ohaset  In  this  discussion  ore  Measured  In  wavelengths  and 
constant  phase  offsots  will  be  Ignored. 

Tho  9.6  GHz  signal  Is  derived  free  the  100  NHt  reference  by  Means  of  a  phase-locked,  tevlty-tunad 
x96  Multiplier.  The  Multiplier  provides  20  «M  of  rf  power  at  9.6  OHi  to  a  06 -cm  parabolic  reflector 
antenna  (5  degree  baaamldth).  The  phase  at  the  antenna  Is  therefore  96  lt. 

The  96.1  GHz  transmit  tar  uses  the  100-MH*  TCXO  signal  as  the  reference  fbr  a  phase-locked  INAATT 
oscillator.  After  passing  through  a  right-hand  circular  (RHC)  polarlter,  the  IHAATT  outout  (26  aH) 
feeds  e  30.5-cm  scaler  horn  lens  antenna  (0.7*  beaawldth).  The  phase  of  this  signal  at  the  antenna  It 
961 

Fig.  I  Illustrates  the  9.6-GHz  receiver  and  the  reconstruction  of  the  100-MHz  transaltter 
reference.  The  phase  of  the  9.6-6Hz  signal  at  the  receiving  antenna  It 


6,  -  96lt  ♦  9,6t 


(9) 


where  t  Is  the  propagation  delay  at  9,6  GHz  In  nanoseconds. 


The  9.6-GHz  receiving  antenna  It  Identical  to  the  one  used  at  the  transmitter  and  faeds  a  Mixer. 
The  output  of  the  Mixer  feeds  the  phase  locking  electronics  (ALE).  A  local  reference  oscillator  at 
5-MHt  also  feeds  the  phase-locking  electronics  (ALE).  The  phase  of  this  oscillator  Is  denoted  by  I-. 
The  output  of  the  M-f  controls  .  99.9479-MHz  voltage-controlled  crystal  oscillator  (VCXO)  reference. 
The  ALE  adjusts  the  VCXO  to  aMtch  the  phase  of  the  intermediate  frequency  (IF)  to  that  of  the  S-MHi 
reference  oscillator.  Thus  the  IF  output  of  the  mixer  has  a  phase  of  This  means  that  the  phase  at 
the  local  oscillator  (LO)  input  to  the  mixer  1$  adjusted  to  I.  -  Since  this  signal  Is  Multiplied  by 
96,  the  phase  at  the  VCXO  Is  (•,  -  6^/96.  * 


6y  use  of  a  power  divider,  the  9.595-GHz  LO  feeds  another  mixer  which  allows  the  phase  locking  of  a 
second  VCXO  reference  to  the  100  MHz  TCXO  at  the  trenseltter.  (Vice  again  In  this  phase-locking  loop  the 
5 -MHz  reference  feeds  by  means  of  a  power  divider  one  Input  to  a  ALE.  The  output  of  the  ALE  adjusts  the 
100-MHz  VCXO  so  that  the  S-MHz  output  of  th«  mixer  Into  the  other  ALE  port  will  have  the  seam  phase  as 
the  S-MHz  reference.  The  mixer  5-MHz  output  phase  of  1.  and  9.S9S-GHZ  LO  Input  to  the  mixer  with  phase 
1,-1.  then  require  that  the  VCXO  controlled  Input  nave  a  phase  of  I..  Since  the  VCXO  output  Is 
mltlplled  by  96  before  feeding  the  mixer,  the  phssj  of  the  100-MHz  VCXO  ts  1, 796.  ly  the  use  of  power 


The  96.1-GHz  receiver  Is  dlagraamed  In  Fig.  3.  Antennas  Identical  to  the  one  used  at  the 
transmitter  are  used  for  both  the  RHC  and  LHC  polarizations.  Each  antenna  feeds  a  polarizer  like  the 
one  used  In  the  transmitter.  A  variable  attenuator  was  used  after  the  polarizer  in  the  RHC  channel  to 
reduce  the  signal  level  to  that  received  by  the  cross-polarized  channel  (LHC).  This  allowed  the  aMXIaana 


mm  of  th*  dymalc  ring*  of  th*  receiver  ind  th*  Itolitlon  of  th*  wovoguld*  witch.  A  fonrlto  ItoWtor 
then  reduces  th*  vt/tio*  i Unding  mm  rotlo  (VIM*)  to  l  .(IS  *t  th*  fbrrlt*  MvoguWt  twitch  to  IncieoM 
th*  1  tout  ion  through  th*  witch.  Soporot*  intonnot  Mr*  utod  for  tho  too  poltMntlon*  to  ichirr*  the 
groitott  1 tolit Ion. 

An  llwlnu*  put*  plocod  o**r  th*  RNC  ihtonn*  reduced  tho  ttgml  level  by  SO  d».  Th*  Hot  plot* 
over  th*  INC  Mtami  reduced  the  tlgml  lorol  by  33  dl.  Thut  th*  UoTitUn  ochlovod  it  th*  Mvogwld* 
witch  Mt  ot  1**tt  33  dl.  Tho  or  trill  Itolitlon  b*tM*n  th*  Wo  polirUitlont  wot  Utt.  Th*  virlibl* 
•ttwMitor  Mt  Mt  it  IS  dl.  Thlt  vulue  ind  lottot  du*  to  th*  Isolator  ind  iddlttonil  wtvmld*  in  thi 
(MC  chinn*T  Indlcit*  thlt  th*  received  tlgml  Uvolt  under  eloor-elr  condition*  only  differed  hy  II 
dl.  Thlt  It  dltcutted  further  In  Section  S,  bo low. 

Th*  phito  of  tho  96.1-SHz  tlgml  it  th*  receiving  intmni  It 

V  -  »61lt  ♦  1C. It*  (10) 

Where  t'  It  th*  propogotlon  d*1*y  it  IS.l  SNz  In  nt. 

A  96.0$-SHz  10  for  Mixing  with  thi  r*e*1v*d  96.1-SHx  tlgml  It  g*mrit«d  by  •  Sunn  otclIUtor  phit* 
locktd  by  th*  output*  of  th*  99.9471  tnd  lOO-MHx  VCXOt.  Th*  IQO-MHz  VCXO  mferene*  f**dt  on*  port  of 
th*  HE.  Th*  other  port  It  f*d  by  th*  output  of  tho  *1x*r  generating  th*  L0.  Th*  HE  error  tlgml 
•djuttt  th*  Sunn  oscillator  until  th*  phiM  of  th*  output  of  th*  aixor  it  k  /96.  On*  Input  to  th*  alxor 
It  fid  by  th*  99,9479-NNz  r*f*r*nc*  tft*r  being  Mult1pl1*d  by  960  rotultfng  In  in  Input  of  9S.9S  SHi 
with  i  ph«M  of  10(1.  -  L).  The  other  alxor  input  It  coupUd  fro*  th*  Sunn  otclllitor  ind  It  forced  to 
hiv*  i  phiM  of  10(C  -  i.)  ♦  I./9S  by  th*  HI.  Tit*  10  with  thlt  phit*  *1x«d  with  th*  r*c*lv«d  tlgml 
rotultt  In  •  SO  NN*  IF  hiving  i  phit*  of 


Vi  -  I0(lt  -  «,)'*,««•  01) 

Th*  IF  (0«dt  in  AC/DC  log  conv*rt*r  (for  MMturlng  th*  tlgnil  Mplltudo)  *nd  th*  phi t*-w*l wring 
•1*ctron1ct. 

Th*  phmwmaturlng  *T*ctron1ct  ir*  dligri—id  In  fig.  4.  Th*  output  of  th*  S-MHz  r*f»r*nc* 
otclllitor  It  Multiplied  by  9  to  45  UN*  and  with  *  phit*  of  90.  f**dt  on*  Input  of  •  Mlxtr.  lht  SO-HHi 
IF  of  th*  94.1-CNi  receiver  f**dt  th*  other  *1x*r  Input  to  that  *  S  NNt  It  mult*  with  •  phit*  of 

V,  -  lHt  ♦  V  *  «,**•  (ll> 

Thlt  IF  f**dt  •  comm  re  111  phit*  mtir  thlt  gitt  It*  r*f»r*nc*  fro*  thu  5-MHz  otclllitor  hiving  i  phiti 
of  V*  Ui  phiM  miturid  by  thi  *gu1pwnt  It  thirefor* 

I  -4,  -  101,  -*,/**.  (13) 

being  Equation  (9)  and  Equation  (10)  to  substitute  for  P4  and  V  in  (13)  result*  In 

■  -  9S,l(v'  -  v).  (14) 

Tliut,  th*  phi**  **t*r  It  leiturlng  th*  prepogotlon  dtlty  d1ff*r*nc*  b*tw**n  thi  9.6-  and  9€.l-SHx 
tlgnilt.  lhi  output  of  th*  phis*  weir  It  in  tmlog  voltig*  proport  Ion  il  to  th*  rolotlv*  phis*  dolly 
(In  dagrwt  it  96.1  SHx). 

Nmturemnts  Mr*  controlled  by  «  coaputor.  One*  ooch  mcond  th*  coaputor  tot  th*  mvoguld*  twitch 
In  th*  96.1  SNz  receiver  to  first  on*  poUrliotlon  ond  then  tho  other.  After  Mttlng  th*  twitch,  th* 
coaputor  woltod  30  at  for  th*  coamrclil  ph*M  attor  to  lottl*  ond  then  rood  th*  phit*  ond  oapHtud* 
through  *  anltlchmml,  intlog-to-d1g1t.il  convertor.  Alto,  one*  otch  tocond  th*  onilog  output  of  * 
coptcitiv*  bridge  r*1n  mt*  giug*  wit  tiaplid.  Thi  rain  gauge  wot  loettod  n**r  tho  receiving  ond  of  tho 
pith. 


4.  MEASUREMENT  ERROR  ANALYSIS 

Thor*  or*  tovorol  tourcot  for  trror  in  th*  ansuroaont  of  phot*  doll)  duo  to  rtln.  For  th*  purpose 
of  discussion,  the**  will  b*  divided  Into  long-  ond  short-tora  cotogorlot.  Short-tor*  tourcot 
contribute  trror  thlt  virlis  it  ntos  on  th*  ordtr  of  th*  siapling  rot*.  1.*.  *  fw  seconds.  Long-tor* 
tourcot  contribute  error  that  varies  it  ritn  on  th*  order  of  alnutot  or  longer. 

Aaong  th*  long-tora  sourevt  irt  vorloblllty  In  tho  poth  doliv  biciusi  of  chongot  In  th* 
rofroctlvlty  of  th*  otaotphire,  toapomtur*  insUbllltlot  In  th*  rf  oqjlpaant,  ond  th*  phytic*! 
stoblllty  of  th*  tromalttlng  ond  receiving  toralml*. 

Th*  long-tor*  vorltblllty  In  th*  rofroctlvlty  of  th*  otaosphor*  con  b*  tent  of  N  units  (ppa)  ond 
for  th*  pith  length  used  can  result  In  ph*t*  chingts  of  tons  "f  Mvolongtht  it  96.1  SNi.  Nowovor,  thi 
dolly  ot  96.1  SNz  Mt  atosurod  relative  to  th*  d*l|y  ot  9.6  SHi  to  thot  only  chongot  In  tho  dlsportiv* 
rofnctlvlty,  1.0.  chongot  In  th*  rolitlv*  rofrietlvlty  ot  96.1  SHx  tnd  9.6  SKz,  contribute  to  chongot 
In  th*  phit*.  Thlt  hot  th*  idvintne  of  reducing  th*  d*T«y  vorloblllty  to  lots  thin  120  degrees  it 
96.1  SNz  ot  predicted  by  L1*b*'t  aodit  [4]. 

Twpereturt  Instabl Titles  In  th*  rf  *qu1p*ant  mult  In  ph*M  changes  thlt  ring*  fro*  dlurntl 
variations  to  vorlotloni  taking  only  a  f*w  tocondt.  Thi  tloMr  virlitlont  ar*  due  to  th*  Iniblllty  to 
Mint! In  •  constant  tMpiretur*  for  thi  *quip*int  ovor  •  wide  ring*  of  orient  tapireturet. 


Thire  mi  m  Indlcitlon  of  vlbretlont  In  thi  phytleil  stability  of  the  iqvIpMnt.  Longur-tirw 
instabilities  Mold  bo  wbKtod  duo  to  chengit  In  the  tupirituri  of  thi  vent  end  mounting  hirdMm  for 
tho  ontonMi.  It  It  hi;  to  too  thot  thou  Instabilities  com  Id  rotolt  In  dolor  chinget  on  the  ordor  of 
1  m  (  100  dogroot)  or  ooro. 

Typically,  thi  amend  phiti  ot  l*.l  Stt  Mold  odvtnco  br  too  to  thru  wavelengths  it  tho  oablont 
tMporotwm  Incrootod  during  tho  dor  ond  thin  would  dMrooto  bock  tc  tho  mm  velue  ot  tho  dor  eoo'od. 
Since  tho  photos  of  tho  too  poleritetlont  it  tt.l  Mt  Mro  mattered  within  o  few  tint  of  milliseconds  of 
o«ch  other,  tho  tlow  variation*  in  tho  phooot  with  rot  poet  to  tho  t.Wtt  tlgml  did  not  contrlboti 
orrort  to  tho  moturomo tt .  In  oddltlon,  ihoit  ill  of  tho  slow  variations  ritultod  froo  tooporoUro 
chongot  thit  offOctod  thi  PMC  Md  LHC  polirltitlont  iquilly  bocitto  iloott  ill  thi  Mounting  hordMro  ond 
•loctronlst  win  coupon  to  both  polirlutloni.  It  Mt  thi  ripld  variations  In  photi  thit  prlmrlly 
ciutod  tho  photo  irrort  In  tho  mmureMnts.  Ihoto  ripid  verlitloni  Mri  duo  to  potn  dilir  ehingot 
ciuttd  br  tclntlllitlon  (refractlvlty),  unttiblo  phiti  shift*  through  tho  waveguide  twitch,  phatt- 
locking  nolti,  Md  tho  limited  accuracy  of  tho  cotoorclil  phito  Mtor. 

For  tho  tlgml  livelt  protont,  thi  rcmrclil  phiti  Mtor  Mt  tpoclflid  to  hive  in  iccurocr  bettor 
then  t  10  dogroot.  the  ictuil  ihort-ter*  phito  noltr  Mt  ibout  t  7  oigroot.  It  It  not  cirtoln  thit  ill 
of  thit  MituriMirt  nolto  com  from  tho  phito  Mtor. 

In  Fig.  $,  •  1-hour  tuple  of  tho  recorded  time  torlot  diti  It  thown.  the  long-term  virlibllltr 
cm  bo  toon  before  end  iftor  tho  riln  ttorm.  lho  thort-term  virlibllltr  cm  ho  toon  throughout  tho  tlM 
torlot.  In  Fig.  C,  tho  dlfflrontlil  phiti  of  tho  PMC  md  LHC  tlgMlt  iro  thown  for  tho  turn  thn 
period.  From  tho  figure  It  cm  bo  tion  thit  moot  of  tho  long-tirm  virlibllltr  (tdilch  Mt  common  to  both 
polorliitlont)  It  ibient  from  tho  dlfforontlil  phiu. 


S.  EQUIPMENT  P0LARUATI0H  ISOLATION 

When  Miturlng  tho  offoett  of  tho  itmoiphire  on  polirlud  Mvit,  It  It  loportint  to  contldir 
polerltitlon  proportlot  of  tho  intonnit  md  othor  dovlcit  In  tho  tmntmlttir  ind  receiver  In  ordor  to 
undorttind  whit  It  truly  being  Miturod  [5], 

lho  clrculor  polirltert  connected  to  tho  intMMt  dltcrlmlnoti  by  I  foctor  grutor  thin  3$  db 
between  tho  co-  ond  crott-polirlMd  cawponmtt  iccordlng  to  the  Mnufitturor.  The  intonnit  Mri  clilnmd 
to  hive  in  ixlil  ntlo  of  bottir  thin  1  dl.  lho  ixlil  mtlo  (AR)  [6]  It  given  it  •  function  of  thi 
ritlo,  q  <  1,  of  the  implltudit  of  the  clrculir  polirltitlont  by 

« •  -r~q-  (»> 

whore  Ah  It  not  In  doclblt.  thing  in  Mill  ritlo  Of  1.0  dl  glvit  AP-l. Ill  to  thit  q-O.OS7S  from 
E  quit  Ion  (IS).  Thit  q  corretpondt  to  •  ritlo  of  14.1  dl  between  tho  co-  ind  crott-polirlzid  mvit, 
Thut.  tho  intonnit  iro  the  component!  limiting  tho  Isolation  between  tho  polirltitlont. 

Ignoring  rolitlvi  phito,  tho  nonullted  transmitted  wive  It  it  turn*)  to  bo 


If  tho  intonnit  ind  polirltert  it  thi  receiver  iri  ittuimd  to  bo  Identlcil  In  porforMnci  to  thi 
trintmlttlng  equipment,  then  tho  received  emplttude  In  Itch  polerltitlon  chinnol  cin  bo  found  by 
multiplying  by  tho  Mtrlx 


whore  phito  hit  igiln  bun  Ignored. 

The  noultint  rucolvod  tlgnilt,  with  no  itmotpherlc  iffoctt  cons  Mind,  iro  thin 


Utlng  tho  viluo  of  q  found  from  Equitlon  (IS)  for  in  1x1*1  ritlo  of  l  dl  rorultt  In  thu  RHC  rocolvid 
•nplltudo  being  ll.l  dl  groitir  thin  thi  LHC  uplltudo.  Thit  it  very  cloto  to  the  vilui  of  18  dl 
•ctuilly  observed  under  clur-ilr  condition!. 

It  thould  be  noted  thit  tho  received  LHC  tlgml  It  compotod  of  two  pirtt:  tho  RHC  wvo  thit  Mt 
received  LHC  ind  the  LHC  mvo  thit  Mt  ilto  received  LHC.  ketute  of  thi  tttumrt  tyiMtry,  then  two 
pirtt  iro  equel  In  Mplltudi.  A  rolotlvo  photo  thlft  between  tho  RHC  end  LHC  Mvet  during  propagation 
would  thorofOro  gonirtlly  ippoor  to  bo  lett  tlnct  ot  tno  receiver  the  LHC  tlgnol  contelnt  contributions 
from  both  wivot.  HoMver,  In  tome  tonto  tho  rolitlvo  phito  shift  durlnn  propogitlon  cm  be  Matured  is 
thown  below. 

For  rein  on  tho  peth  tho  recetved  tlgmls  iro  given  by 


E  .  ATe  Et 


(1?) 
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where  T,  It  tut  trentaluloa  Mtr1«  for  the  rainy  arilua.  it  practice,  the  Mtrlx  T-  It  tysaetrlc  to 
that  with  A  tyMatrlc  bjp  UliattlM,  ATt  »TtA  giving 

t  •  Tc  A«t.  (M) 

Ihut,  the  received  signals  or*  the  un  at  they  would  bo  for  o  perfect  receiver  with  in'i«1te 
ItoUtloh  between  polarizations  «nd  •  trantaltted  wave  M..  Unde.  thoto  conditions,  tho  relative 
Mpl Itudt  Md  photo  thlflt  observed  correspond  to  T,  operating  on  a  trantaltted  ware  Ut  at  given  In 
Count Ion  (It). 

Tho  lupllcatlon  for  tho  observations  art  at  followt.  Ho  depolarization  or  changa  In  relative 
aaplltude  will  bo  obtorvod  tf  tho  fraction  of  powtr  trantfarrod  to  tho  oppotlto  polarization  It  lott 
than  2q  (latt  than  -18  dl).  Tha  dlffarr.ntlal  photo  ihlft  between  polarlaatlont  obtorvod  It  tha  photo 
thlft  rotultlng  from  tho  rain  h»r  a  wovo  initially  polarltod  at  AEt. 

6.  RESULTS 

Tha  emulative  dlttrlbutlont  of  tha  attanuatlant  of  tha  MIC  and  LHC  polarlaatlont  warn  Identical, 
for  Individual  rain  atom,  toaatlaa.  'he  RNC  and  tocr'timt  tha  LHC  pooh  attanuatlon  wot  greater. 
Howovar,  they  navar  differed  by  mre  than  ahoct  2  oi.  At  wch  at  10  dl  attenuation  wat  obtorvod  duo  to 
tain  o  tho  path.  In  Hg.  7,  difference  In  at*ia1  aaplltude  It  plotted  against  tho  obtorvod  rain 
rate.  There  It  only  a  alight  Indication  of  dapolarlaatlon.  In  Fig.  8,  tho  difference  In  aaplltude  it 
plotted  agalmt  tha  copolarlted  (RHC)  attenuation.  In  thti  figure,  there  It  too*  dapolarlaatlon 
apparent  for  copolar  attenuation  greater  than  about  17  dl. 

Nhen  there  wat  rain  0.1  the  path,  the  photo  of  both  polarlaatlont  at  16.1  6Kt  wat  correlated  with 
the  Matured  rain  rate.  An  exaaple  It  thown  In  Fig.  S.  In  F!j-  9,  the  PMC  9t.l-6Hz  phase  (relative  to 
the  9.6  CNt  phase)  It  thown  crott-plottad  agalntt  rain  rate.  In  the  figure,  the  relative  photo 
predicted  from  the  refractlvlty  computed  by  Crane  [7]  (for  9.35  amt  94  6(b)  utlng  the  Laws  erd  Fartont 
drop-site  dlttrlbutlon  and  a  drop  toaperature  of  0  Celsius  Is  thown.  Alto  thown.  It  tha  nearly 
Identical  result  found  fro*  {offerer's  [81  prediction!  bated  on  tho  Marshal  1-FtlMr  drop-site 
distribution  and  a  drop  tenperature  of  20  Celtlut.  In  Figure  10,  tha  som  RHC  96.1  61b.  phase  shift  data 
as  In  rigure  9  It  thown  cross-plotted  agalntt  the  MC  attenuation.  It  can  be  teen  In  Figures  9  and  10 
that  the  phase  shift  It  aore  correlated  with  attenuation  than  rain  rato. 

A  differential  phate  shift  between  the  MR  and  LhS  waves  was  observed  that  alto  correlated  highly 
with  rain  rate.  In  F1q.ll,  the  difference  In  the  INC  and  RNC  phatet  are  Croat-* lotted  against  rain 
rat*.  A  curve,  hand  fitted  to  the  data,  given  by 

AI-.OSR1'*,  (21) 


Is  also  show.)  In  the  figure. 

In  Fig.  12,  the  sum  differential  phase  data  are  shown  plotted  against  the  copolarlted  ( RHC) 
attenuation. 


7.  CONCLUSION 

Observations  of  the  dlffa-entlal  phase  thlft  through  rain  of  right-hand  and  left-hand  circular 
polarizations  at  96.1  6Mt  have  been  node.  The  results  show  that  rain  will  effect  the  use  of  phase 
infonaation  from  polerhaetric  radar  returns  for  target  Identification. 

More  generally  applicable  mesureaants  are  needed  before  techniques  for  altlgatlng  the  effects  of 
rain  can  be  evaluated.  These  should  Include  Matureae.it*  of  all  of  the  coaplex  valued  eleMnts  of  the 
transaction  Mtrlx  and  their  Joint  statistical  dapendence  on  rain  rate. 
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t.9  Ota  %«elv«r  Riiarma 


Pltur*  2.  OiMraa  of  9.6  OHs  raooivtr  with  rooono true t Ion  tranootttar 
raforonoo  ooellUfcor. 
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ri|tr«  6.  Dirrarantlal  phut  and  Miplitud*  from  tlia  data  ahcvn  In 
n«ur»  5. 
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Faculty  of  Blactrlcal  tngtneering 
Nokolvaf  4,  2628  CD  Dalft 
Tho  Netherlands 


sumhart. 

In  order  to  investigate  phonoaana  influencing  co- polar  attenuation  and  croaa-polar 
diaerinination  along  earth-space  aatollito  path*  and  torroatrlal  radio  linka  at  frequen- 
olaa  above  10  Ota,  tho  n unbar  density,  yaoaatry,  and  oriontatlon  of  hydroaotoora  (rain, 
anov,  hall,  aolting  particloa  ate.)  along  the  path  have  to  bo  characterised.  This  paper 
describe*  tho  modelling  of  the  aolting  process,  the  dielectric  properties  of  aolting 
particles,  and  fall  velocity  behavior  of  hydroaeteors  for  Doppler  velocity  coaputatlon 
vlth  vertically  pointing  radars. 

Attention  Is  paid  to  backyard  scattering  of  ellipsoidal  hydroaeteors  for  radar 
polarlaetty  coaputatlons  at  arbitrary  elevation  angles,  and  to  forvard  scattering  of 
spherical  hydroaeteors  for  attenuation  coaputatlons  at  high  frequencies. 

The  aultl-paraaeter  PN-CV  radar  systen  of  Delft  University  of  Technology  Is  able  to 
aeaaure  the  polarisation  properties  and  Doppler  velocity  spectra  of  hydroaeteors  vlth  high 
resolution  in  range  and  reflectivity  level.  Freliainary  results  obtained  with  this  radar 
syatea  are  shorn,  Indicating  the  capabilites  of  coeblned  Doppler-  and  polarleatry  mea- 
auraaents  for  classification  of  hydroaeteors  along  a  satellite  path. 

INTRODUCTION . 

The  still  growing  deaand  for  larger  bandvidths  for  satellite  as  veil  as  terrestrial 
radio  links  needs  a  disclosure  of  the  frequency  bands  above  10  GHs .  The  technological  de¬ 
velopments  in  the  field  of  earth-  and  satellite-based  conaunicatlon  systeas  coeblned  with 
a  better  knowledge  of  the  behavior  of  radiowaves  along  the  radiopath  have  resulted  In  re¬ 
liable  satellite  coaaunlcation  systeas  in  the  11/U  GHs  frequency  band  which  were  realised 
in  the  eighties  vhile  20/30  GHs  links  have  to  becoae  operational  in  the  nineties.  To  reach 
the  same  reliability  and  availability  of  these  future  links  as  for  the  existing  ones  ra- 
dlowave  propagation  studies  in  these  frequency  bands  are  essential.  The  aaln  propagation 
effects  at  frequencies  above  10  GHs,  occur  in  the  troposphere,  where  the  radlovave  "feels" 
the  tropospheric  influence  by  its  change  in  the  -for  the  radlovave  characteristic-  quanti¬ 
ties  <  l.e.  amplitude,  phase,  polarisation  and  propagating  direction.  In  particular  the 
amplitude  and  polarisation  effects  get  large  attention  due  to  the  fact  that  they  are  caus¬ 
ed  by  the  frequently  occuring  phenomena  of  appearing  hydroaeteors  in  the  radiobean,  like 
rain,  anov,  hall  and  nelting  particles.  These  hydroaeteors  can  all  be  present  at  the  same 
tine  along  a  satellite  path  vhere  f.e.  during  relnshovers  raindrops  exist  at  altitudes  be¬ 
low  the  0*  C  isotherm,  melting  particles  around  this  0*  C  level  and  ice-  and  snow  parti¬ 
cles  in  the  clouds  above. 

These  dominant  phenomena,  measured  on  a  link  as  co-polar  attenuation  and  cross-polar 
discrimination,  can  be  investigated  in  detail  by  using  coherent  multi-parameter  radar  sys¬ 
tems  at  non-attenuating  wavelengths  which  are  able  to  measure  reflectivities  coming  from 
hydrometeors  so  that  inforaation  can  be  obtained  about  the  hydrometeor  type,  their  velo¬ 
city  profiles  and  their  polarisation  characteristics.  These  quantities  have  to  be  measured 
accurately  in  a  calibrated  mode  with  high  resolution  in  tange  and  velocity. 

Such  a  system  is  the  S-band  FH-CV  Delft  Atmospheric  Research  Radar  (DARR),  vhlch  Is  a 
Doppler-Folarlmetrlc  radar  systen.  Last  years  the  investigations  in  this  field  concern  the 
characterisation  of  the  nelting  layer  processes  based  on  DARR-Doppler  measurements  to  be 
used  for  20/30  GHs  attenuation  computations  of  the  radlovaves.  Such  a  melting  layer  often 
exists  in  stratiform  raindouds  but  is  detected  also  during  sore  convective  showers.  Espe¬ 
cially  during  stratiform  conditions  the  melting  layer  appeals  during  radar  measurements  as 
a  strong  increase  in  the  reflectivities  and  is  therefore  often  called  the  "radar  bright 
band" . 

The  paper  is  divided  into  4  sections.  The  backvard  scattering  properties  of  spheroi¬ 
dal  and  ellipsoidal  hydros* roors  are  summarised  in  Section  1.  Based  on  these  properties 
the  radar  measurement  of  the  raindrop  sise  distribution  -derived  from  Doppler  velocity 
spectra  yielding  for  vertically  pointing  Doppler  radar  or  from  Polarlmetric  radar  for 
elevations  in  accordance  vlth  the  angles  for  satellite  communication  links-  is  discussed 
in  Section  2.  Attenuation  computations  at  high  frequencies  can  be  performed  assuming  sphe¬ 
rical  hydroaeteors  vlth  known  dielectric  properties  together  with  known  range  and  tine 
dependent  dropaise  distributions.  Theoretical  results  are  shown  in  Section  3.  Also  some 
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aodelling  aspects  of  tho  radar  bright  band  art  dascribad  which  hava  baan  aupportad  by  ver¬ 
tically  pointing  0AM  Dopplar  riasureaents.  Attontion  is  glvan  to  tha  varying  dialactric 
constant  of  Halting  particles,  thalr  backseat taring  and  specific  attnnuation  behavior. 
Section  A  Illustrates  soae  prellnlnary  axaaplas  to  daaonstrata  tha  capabllltlas  of  DAM  as 
Dopplar-  as  wall  as  Multi-Polarisation  radar. 

1.  BACKWARD  SCATTERING  PROPERTIES  CP  SPHERICAL  AND  ELLIPSOIDAL  HTDROMETEORS. 

Whan  an  electroMgnetlc  wave  coincides  on  hydroaeteors.  it  excites  electric  and  aag- 
natic  dipoles  inside  the  particle.  These  dipoles  are  responsible  for  the  scattering  field. 

In  this  section  ve  Halt  ourselves  to  the  so-called  Rayleigh  approxlaatlon  for  the 
radar  cross-section  of  hydroaeteors  i.e.  the  radar  backyard-scat  taring  coefficients  are 
valid  for  particles  which  are  saall  relative  to  the  radar  vavelength.  Furtheraore  only  li¬ 
near  polarisation  of  the  transaltted  and  received  signal  at  the  radar  antenna  is  consi¬ 
dered.  The  reaark  is  aade  that  other  polarisation  states  can  be  analysed  by  transforaatlon 
of  the  scattering  coefficients  for  linear  polarisations  to  nev  polarisation  states  under 
the  condition  that  targets  are  characterised  by  their  full  linear  polarisation  behavior  in 
aaplitvde  and  phasa.  The  gaoaatiy  of  hydroaeteors  is  approxlaated  by  ellipsoldes.  In  the 
Halts  the  ellipsoldes  have  the  ability  to  becone  needles  at  one  side  to  spheres  at  the 
other. 

The  hydroaeteor  type  is  characterised  by  its  refractive  index,  its  ellipsoidal  geoae- 
try  and  the  axis  of  revolution  of  the  ellipsoldes  relative  to  the  incident  radar  field 
vlth  given  linear  polarisation. 

The  refractive  index  of  ice  particles  is  strongly  different  froa  that  of  rain  drops. 
In  figures  1  and  2  the  theoretical  real  and  iaaginary  parts  of  the  refractive  index  are 
shovn  for  ice  and  vater  respectively,  as  a  function  of  frequency  with  the  teaperature  as 
parameter  [1J.  This  knowledge  of  the  peraittivlty  is  used  also  for  the  attenuation  compu¬ 
tations  on  coanunicatlon  links  at  frequencies  above  10  GHz  (Section  3). 


Figure  1.  Real  (a)  and  iaaginary  (b)  part  of  the  refractive  index  of  ice  as  a  function  of 
frequency  and  teaperature  [Celcius]  as  paraaeter. 


•  *0  »0  00  40  *0  00  ?0  00  00  100 


Figure  2.  Real  (a)  and  iaaginary  (b)  part  of  the  refractive  index  of  vater  as  a  function 
of  frequency  and  teaperature  [Celcius]  as  paraaeter. 
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Changes  la  the  geometry  art  possible  f.«.  vhan  melting  snovflakes  at*  falling  to  baeoaa 

raindrops.  (Section  4).  .  .  M  ^  ^  . 

Rata  tha  ellipsoidal  model  for  a  raindrop  and  lta  backseat taring  proparr lev  ara 
•valuatad.  Sxaaples  for  practical  axial  ratloa  of  an  alllpaoldal  raindrop  as  function  of 
tha  radius  of  an  equi-volume  "artificial-spherical"  raindrop  ar*  nhovn  in  figure  3. 


Figure  3.  Axial  rat  Los  of  ellipsoidal  raindrops  as  function  of  tha  radius  of  an  equi- 
voluaa  spherical  raindrop)  (1)  according  (21;  (2)  according  (3]. 


"a"  is  tha  short  axis,  ”b"  la  tha  long  one  perpendicular  to  tha  axis  of  revolution.  These 
results  are  obtained  free  experinents  dona  by  Pruppacher-Pitter  >2]  and  fro*  approxima¬ 
tions  given  by  Harrison-Cross  (3].  Physically  tha  non-apherlcal  shape  of  tha  raindrop  is 
caused  by  friction  during  its  fall  in  tha  atsosphare.  For  snail  drops  the  axial  ratio 
tends  to  unity  giving  nor*  spherical  raindrops.  In  case  the  radar  elevation  angle  -  0* 
(along  the  earth  surface)  and  the  axis  of  revolution  is  directed  vertically  (i.e.  no 
canting  angle  of  tha  raindrop  is  taken  into  account)  the  scattering  coefficients  S^t  Syy 
and  S_.  are  given  in  anplitude  in  figure  4a  and  in  phase  in  figure  4b  as  function  of  the 
equivalent  radius  of  an  equi-volune  raindrop. 


Figure  4.  Scattering  coefficients  S™,  S™  of  ellipsoidal  raindrops  as  function  of 

the  equivalent  radius,  (a)  Rodulus,  (b;  Phase.  No  canting.  Elevation  angle  -  0*. 


The  notation  S™  indicates  tha  scattering  coefficient  for  horisontal  polarisation  at 
transmitting  and  receiving.  Syy  is  similar  for  vertical  polarisation.  S„.  is  the  scatter¬ 
ing  coefficient  for  horlsontalvpolarisatlon  at  transmitting  and  vertlcalnat  receiving.  Due 
to  reciprocity  Sm  «  S™. 

From  figureXa  differences  in  polarization  behavior  of  the  amplitudes  of  backscatter- 
lng  coefficients  can  be  seen  for  larger  raindrops.  This  property  allova  a  polarisation 
discrimination  for  different  raindrop  sizes.  The  phase  differences  in  the  coefficients  are 


HV 


0,  vhich  means  that  in  this  situation  no  cross- 


so  small  that  they  can  be  neglected, 
polarised  backseat tering  occurs. 

For  a  similar  orientation  of  such  a  raindrop  vith  an  equivalent  radius  of  4 
for  different  elevation  angles  the  results  of  figure  5  are  obtained. 


but 


For  an  elevation  angle  -  90*  no  polarization  dependence  exists.  Also  hare  S„„  •  0. 
This  can  be  changed  in  case  the  ellipsoidal  raindrop  vith  the  same  sis*  is  canting  as 
shorn  in  figure  6. 


angle  angle 


Figur*  5.  The  magnitudes  IS-J,  iSyJ  and  Figure  6.  |SHB|,  IS^I  and  | S™ |  of  a  rain- 
|S_J  of  raindropnfith  equiva-  drop  with  equivalen?vradlus  »  4mm 

lent  radius  »  4mm  as  function  as  function  of  canting  angla. 

of  alavation  angla.  No  canting.  Elevation  -  0*. 

Froa  this  rasult  it  bacoaas  clear  that  for  arbitrary  orientation  of  an  ellipsoidal 
target  all  three  coefficients  have  to  be  neasured.  In  reality,  for  rain  hovever,  the 
canting  angles  due  to  vindshaars  are  euch  less  than  45*.  Canting  angles  4  0  are  not  fur¬ 
ther  considered. 

For  snow  and  aeltlng  particles  it  is  assueed  here  that  no  preferred  polarisation 
behavior  occurs  despite  the  fact  that  in  areas  with  rain-snow  nlxtures  or  in  eel ting  snow 
high  orientation  dependent  effects  have  been  eeasured  already,  proving  that  eora  investi¬ 
gations  in  this  field  are  needed. 

By  the  assumption  that  no  specific  inforaatlon  of  the  aeltlng  layer  can  be  obtained 
froa  a  polarlaetric  radar,  the  propagation  aspects  of  this  layer  have  to  be  derived  froa 
the  backseat terlng  properties  and  the  Doppler  velocity  spectrum  envelope  of  aeltlng  par¬ 
ticles  with  varying  dielectric  properties  during  their  fall  through  the  radar  bright  band 
(Section  4).  This  section  is  ended  by  extending  the  results  of  "single  target"  scattering 
to  voluae  scattering  froa  hydroaeteors  with  given  dropsiae  distribution.  As  dropslse  dis¬ 
tribution  the  so-called  gaana  distribution  is  assuaed  according: 

N(D)  -  Nq  D*  exp  <-ADf) 

vlth  four  unknovn  constants  N  ,  A,  e  and  f.  , 

N(D). JD  gives  the  nuaber°of  particles  per  unit  volume  [a'1]  in  the  equivalent  diameter 
interval  D  and  D  +  dD.  The  often  used  negative  exponential  rain  dropsixe  distribution  is  a 
particular  case  of  the  gaaaa  distribution  with  e-0,  £»1  and  N  dependant  on  the  type  of 
rain  and  A  dependent  on  the  rain  intensity.  For  an  assuaed  negative  exponential  distribu¬ 
tion  two  unknowns  have  to  be  determined  froa  radar  measurements-  This  means  that  the 
reflectivity 

v 

Z  -  C  I  S(D)N(D)  dD  <C  -  physical  constant) 

0 

has  to  be  measured  in  a  calibrated  radar  system  with  sufficient  geometrical  and  tine  reso¬ 
lution  in  combination  with  a  second  set  of  independent  measurements  such  as  Doppler  fall 
velocity  characteristics  of  hydroaeteors  as  function  of  D  or  polarisation  dependence  of 
the  backseat  taring  as  function  of  D.  This  is  done  in  the  next  section. 

2.  RADAR  MEASUREMENT  OF  THE  RAIN  DROPSIZE  DISTRIBUTION. 

In  case  the  tvo  unknowns  in  the  negative  exponential  distribution  are  derived  from 
Doppler  velocity  measurements,  optimum  results  ere  possible  for  vertically  pointing  Dopp¬ 
ler  radar.  As  we  have  seen  in  the  previous  section  the  reflectivity  is  then  -  as  a  con¬ 
sequence  of  this  antenna  positioning  -  caused  by  rotationally  symmetrical  raindrops  vith 
equivalent  diameter  D  and,  at  the  mi  time,  the  Doppler  measurements  are  not  influenced 
by  horiaontal  vlndcomponents.  In  the  diameter  interval  D  ai.d  D+dD,  by  using  the  Rayleigh 
approximation,  the  reflectivity  dZ  becomes 

dZ  -  N(D).D*.dD 

To  make  use  of  the  Doppler  velocity  spectrum  measurements  it  is  assured  here  that  the  fall 
velocity  of  ralnparticles  relative  to  air  is  dependent  on  height.  At  sea  level  this  velo¬ 
city  v(D)  can  be  approximated  by  (4]. 


v(D)  .  9.65  -  10.3  exp(-0.6D)  [m/s],  D  in  am. 
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At  Haight  h  above  tha  aaan  nt  level  the  velocity  V (D)  hacoeee  (9) . 
v'(D)  -  V<D)1C*U  ♦  .0025(1.  l-e'/p)(T-T')] 

T-  .45  log<p/p')  -  .4(lo*(p/p'))2,5 

where  p  la  the  air  density  and  T  the  teaperature  In  Kelvin.  The  vertical  air  velocity  v 
has  to  be  taken  Into  account  as  well,  v  is  chosen  positive  In  the  upwards  direction  ana 
has  to  be  subtracted  free  v'(D)  to  get  tne  Measured  velocity  apectrua  at  the  ground-based 
redar.  The  vertical  air  velocity  is  a  third  unknown  which  has  to  bo  extracted  (roe  the 
Doppler  aeasureoenta  too.  For  aodelllng  applications  it  is  suggested  to  use  the  Marshall- 
Falser  (M-F)  distribution  i.e. 

N(D)  -  M  exp  (-5. 47  2  ) 

© 

£  A 

vhin  N  ■  8,10  [■  )  And  D  ■  Mdiin  diaattcr  of  tht  distribution,  In  this  aodil  D  |n) 

la  rilitH  to  tho  rain  lntonaxty  R  (aa/hr)  via  0 

D  -  0.895  K0,21 
o 

The  Doppler  velocity  apectrua  for  this  distribution  has  an  envelope  at  sea  level  as  shown 
In  figure  7  where  the  reflectivity  per  dlaaeter  interval  is  given  as  function  of  the  fall 
velocity  and  D  ■  1,  1.5  and  2  aa  as  paraaeter.  These  D  values  correspond  with  rain 

intensities  froa®1.7  to  47  aa/hr. 


Figure  7.  Mo  realised  Doppler  velocity  spectra  at  sea  level  for  the  M-F  distribution  aa 
function  of  fall  velocity  and  the  aedlan  dlaaeter  as  paraaeteri  v#»  0. 


Two  Doppler  analysis  techniques  have  been  developed  for  eRch  range  cellt 

1.  spectral  aoaents  nethod) 

2.  fitting  theoretical  Doppler  spectra  to  eeasured  Doppler  data. 

The  spectral  aoaents  Method  hits  the  following  proper  tiesi 

-  the  sero-th  aoaent  equals  the  average  reflectivity  level  over  the  whole  Doppler  range 
and  is  coaparahle  to  the  reflectivity  Measured  vith  a  single  paraaeter  radar  without 
Doppler  capabilities.  This  spectral  aoaent  is  proportional  to  N  and  is  dependent  on  A 
as  can  be  seen  in  figure  8  for  the  M-P  distribution  but  Independent  of  v  . 


Figure  B.  The  sero-th  spectral  aoaent  for  Figure  9.  The  first  spectral  aoaent  for 

the  M-F  distribution  as. function  the  negative  exponential  distri- 

of  D  .  K  -  8.10®  la  j.  button  as  function  of  D  .  v  -  0. 

0  0  *  0  I 
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Figure  10.  The  second  spectral  aoaant  tar  Figure  11.  The  third  spectral  moment  tor 
tha  negative  exponential  diatrlbu-  tha  negative  exponential  dla- 

tioa  aa  function  of  D  .  trlbution  aa  function  of  D  . 

O  0 

-  lha  flrat  aoaant  H.  equals  tha  aaan  Doppler  valoclty  v..  TMa  apaetral  aoaant  la  lnde- 

pandant  of  N  end ‘gets  a  ahift  equal  to  v  .  Figure  9  gives  tha  raaulta  aa  function  of 
0  for  v -  0  (ft/a].  * 

-  The  second  apaetral  aoaant  N.  (a/a]  la  a  aaaaura  for  tha  apaetral  vidth,  lndapandant  of 
v  and  N  (flgura  10  givaa  tha  aquara  of  tha  apaetral  aoaant). 

-  The  third  apaetral  aoaant  Hi  (a/a]  lndleataa  peak  akavnoaa  of  tha  Dopplar  apaetra  and  la 
also  lndapandant  of  vfc  and  N0  (figure  11  givaa  tha  third  power  of  Nj). 

Tha  dlaadvantage  of  tha  apaetral  aoaanta  method  la  tha  lialtatlon  to  dlatrlhutlona  charac¬ 
ter!  lad  by  aaxlaally  2  paraaatara.  The  advantage  la  that  tha  aathod  can  ha  laplaaantad  for 
reel-tlae  Dopplar  analyala. 

The  technique  of  fitting  theoretical  to  aeaaured  Dopplar  data  par  range  call  haa  bean 
aat  up  by  Dlaaanayaka  [6].  Starting  froa  tha  gaaaa  distribution,  four  unknown  paraaatara 
of  tha  dlatrlbutlon  together  vlth  tha  vertical  air  valoclty  have  to  be  deteralnad.  Thla 
Involves  a  non-linear  paraaetar  aatlaation  problaa  which  haa  bean  solved  by  using  tha 
alnlaun  least -square  criterion  applied  to  the  sua  of  tha  squared  differences  between  theo¬ 
retical  reflectivity  and  aeaaured  reflectivity  within  each  Dopplar  velocity  cell.  For  the 
parameter  aatlaation  problaa  only  those  spectral  components  were  employed  vhlch  vara  posi¬ 
tioned  around  the  peak  reflectivity  In  tha  Dopplar  spaerrua. 

The  advantage  of  the  fitting  technique  la  its  flexible  approach  which  can  be  used  for 
dlatrlhutlona  characterised  by  2,  3  or  4  paraaatara.  The  dlaadvantage  la  that  It  is  a  com¬ 
puting  tine  Intensive  procedure  vhlch  aakas  a  real-time  Dopplar  analyala  nearly  lapoaal- 
ble. 

Examples  of  both  Doppler-analyals  techniques  baaed  on  DARK  measurements  are  given  In 
Section  4. 


Figure  12.  Zdr  va  tha  median  DQ  vlth  different  axial-ratio  dirtributions. 

A  different  way  to  determine  the  rain  dropalse  distribution  is  to  make  use  of  the 
polarisation  dependence  of  tha  beckscattaring  coefficients  vhan  elevation  angles  far  froa 
aenlth  are  applied. 

■ere  theoretical  raaulta  are  shown  for  tha  negative  exponential  distribution,  eleva¬ 
tion  angle  ■  0  and  where  use  la  aada  of  tha  so-called  differential  reflectivity  technique. 
Tha  differential  reflectivity  |dB]  la  defined  asi 
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«km  tin  reflectivities  X_  and  L-  are  ipplM  to  nluM  scattering.  In  figure  12  t. 
•a  function  of  0  la  giWn  assuming  a  distribution  truncated  at  a  aaxlnua  equivalent 
radlua  i  •  4  al  and  a  fru^Hchar-Plttar  (P-F)  and  a  Norrlaon-Croaa  (N-C)  axial-ratio 
distrlbutrM.  Enlargement  of  It  doe*  not  influence  raaulta  for  D  up  to  2  an. 

Comparison  batwaan  tha  XT*  uaing  P-P  or  N-C  indicates  differences  of  t  9.3  dB  for  U 
valuaa  of  lntaraat,  l.a.  0  loci  than  2  aa.  Proa  figure  12  it  can  ha  aeen  already  that 
haa  to  ha  aaaaurad  accurately  bacauaa  all  lndeoendent  interaction  for  tha  dataralnatlon  of 
tha  two  unknown  parameters  in  tha  D  range  under  2  an  haa  to  be  derived  iron  accurate  X__ 
aad  1.  aaaauraaanta,  where  t.  la  under  2.4  dB  and  baeoaaa  laaa  tor  elevation  angles  4  “ 

XrDAM  polariaatrlc-radarraeaauranant  ia  worked  out  in  Section  4. 


3.  COMPUTATION  OP  SYIKOMBTIO*  ATTWUATION  ALONG  RICH  PRBQUHNCT  LINKS 

Hie  attenuation  caused  by  hydroaeteora  in  a  radio  bean  can  be  calculated  using  the 
expression  of  the  specific  attenuation  t  (dB/kn) 

T  -  4.343  J***  N(r)  0t(r)dr.l03 
rain 

where  N(r)  «  diatrlbution  (a~*I  of  hydroaeteora  with  equivalent  radius  r| 

0t(r)»  attenuation  croaa-aectlon  (a  ]  of  a  spherical  particle  with  radius  r. 

To  get  this  expression,  spherical  particles  with  homogeneous  density  per  unit  length  along 
the  radio  path  are  assumed.  Q  (r)  is  defined  aa  the  relation  betveen  the  total  power  a us 
of  the  scattered  power  at  the  surface  of  the  spherical  particle  ♦  the  absorbed  power  insi¬ 
de  the  particle  relative  to  the  power  density  of  the  incident  field. 

Par  the  analysis  of  scattering  properties  the  scattering  cross-section  Q  (r)  la 
introduced  in  a  alailar  way  but  dealing  vith  the  scattered  power  only.  Por  particles  which 
are  no  longer  snail  relative  to  the  radio  wavelength  the  Rayleigh  approxlaatlon  is  invalid 
and  the  crosa-aectioo  computations  liave  to  be  perforaed  according  to  tha  theory  initially 
described  by  Nle  [7].  The  temperature  dependent  refractive  index  la  taken  into  account  by 
using  the  refractive  index  nudel-set  up  by  Ray  (1)-  for  water  and  ice  as  indicated  in  the 
Section  1, 

3.1  Attenuation  coaputatlona  due  to  rain. 

In  figures  13  and  14  theoretical  results  for  0  (r)  and  0  (r)  of  a  spherical  water 
droplet  are  given  as  function  of  tha  radius.  Tha  frequencies  are*3  GHs  and  30  CBs  respec¬ 
tively.  The  temperature  equals  20*C. 


Figure  13,  Normalised  cross-sections  Q 
and  Q  of  a  spherical  rain¬ 
drop  Is  function  of  its  ra¬ 
dius.  Frequency  -  3  GHs. 
Temperature  -  20*C. 


Figure  14.  Normalised  cross-sections  0, 
and  Q  of  a  spherical  rain¬ 
drop  Is  function  of  its  ra¬ 
dius.  Frequency  «  30  GHs. 
Teaparature  -  20*C. 


Based  on  the  N-P  distribution  figure  15  shovs  the  specific  attenuation  as  function  of 
rain  intensity  for  3  frequencies)  12,  20  and  30  GHs. 

The  frequencies  selected  are  the  frequencies  of  the  beacons  in  the  Olympus  Satellite. 
This  ISA  satellite  (launch  planned  ia  19M)  has  thesa  beacons  to  perform  propagation  expe¬ 
riments.  Co-polar  attenuation  and  cross-polar  dlscrlalnatlon  measurements  along  the  earth- 
space  path  are  possible  by  the  availability  of  this  satellite.  In  a  collaboration  vith  the 
Dr.  Neher  Laboratory  (PTT)  Delft  University  has  the  opportunity  to  verify  the  DARK  reflec¬ 
tivity  profiles  with  experimental  co- polar  attenuation  and  cross-polarisation  data  measu¬ 
red  along  the  same  path  vith  a  12-30  GHs  groundstatlon  placed  uslda  the  radar. 

Por  a  fixed  rain  intensity  of  23  aa/hr,  s  maxi sum  radius  of  4  an  in  the  N-P  distri¬ 
bution  and  a  temperature  of  0*C,  a  specific  attenuation  envelope  as  function  of  frequency 
is  obtained  shown  in  figure  16. 
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Figure  13.  Specific  attenuation  as  (unc¬ 
tion  of  roin  intonoity.  Teape- 
roturo  -  20 *C.  Frequencies  ■ 
11,  20,  30  Gil. 


frequanc? 

Figure  U.  Specific  attenuation  no  func¬ 
tion  of  frequency.  Teaperetur*  - 
0°C.  r-  4  on.  R  -  23  aa/hr. 


3.2  Attonuntlon  conputotiona  duo  to  ico  particles. 

For  non -nclting  ico  particle*  the  attenuation  duo  to  absorption  con  bo  neglected  nt 
nearly  oil  frequencies  so  that  attenuation  due  to  scattering  renaina.  In  figure  17  Q. 
results  of  sphorlcol  ico  particles  are  show  as  function  of  the  norualised  rodlus  i.o.  th* 
radiua  relative  to  vavelmgth.  The  tenporature  is  aasuaod  to  bo  -  10*C. 

Uaing  th*  reaulta  of  figure  17  it  is  reaarked  that  r  ia  th*  radiua  of  an  equivalent 
apharical  ice  particle  with  always  a  constant  aasa  density  of  1  graa/ca  .  To  got  coaputa- 
tlonal  results  for  the  specific  attenuation  a  aaxiaua  for  th*  dropala*  distribution  of  ice 
particles  is  aasuaod  according  (8) 


N(r)  -  *xp( -0.618  r) 


Figure  17.  Moraalised  attenuation  cross- 
section  of  w  spherical  ice 
particle  as  function  of  the 
radius  relative  to  vavolongth. 

Tenporature  -  -  10*C. 

where  H'  -  9.103  1*“*],  r  in  aa  and  r  -  San.  In  figure  18  th*  specific  attenuation 
curve  at  0*C  as  function  of  frequency  ii"ftv*n,  illustrating  that  in  these  clrcuaatances 
attenuation  duo  to  ice  particles  can  still  be  significant  at  frequencies  of  20  and  30  GH*. 

A  consequence  of  th*  assuaed  constant  aasa  density  is  that  hnll  |>articl*s  vhlch  have 
such  densities  can  contribute  to  th*  attenuation.  Snow  however  has'  a  such  lover  density 
and  will  therefor*  have  auch  leas  contribution. 

Melting  hall  and  snow  give  an  increr.se  in  th*  real. and  laaginary  part  of  the 
refractive  index,  because  of  their  contribution  to  th*  attenuation  on  radio  links,  these 
phenoaana  are  of  particular  Interest. 

Veter  clouds  with  different  water  content  a  per  unit  voluae  give  specific  attenua¬ 
tion  envelopes  aa  shown  in  figure  19  [9]  and  is  based  on  eaplrical  data. 

Special  attention  is  given  to  aixtures  of  voter  and  lc*  vhlch  exist  in  th*  radar 
bright  band.  Melting  particles  have  to  be  considered  as  hydroaeteors  which  have  a  strongly 
height-,  tlae-  and  temperature  gradient  dependent  refractive  index  profile.  Studies  in 
this  field  are  still  underway.  Our  present  view  based  on  DARK  aeasurtaents  suggest 

-  a  water  shell  at  the  boundary  of  a  salting  hail  particle  with  ice  inside) 

-  concentrations  of  ice-voter  bounded  aixtures  vlth  saall  sixes,  homogeneously  distributed 
over  a  salting  snow  particle. 


Figure  18.  Specific  attenuation  as  func¬ 
tion  of  frequency  for  ic* 
particles.  Tenporature  »  0*C. 
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figure  19.  Specific  cloud  attenuation  as  function  of  frequency  and  the  water  content  per 
unit  voluae  as  parameter. 

Figure  20.  Melting  layer  and  rain  attenuation  along  a  slant  path  as  function  of  rain 
intensity  with  the  frequencies  11,  20  and  30  GHz  as  parameter.  Melting  layer 
vldth  -  500  m.  ft- in  height  -  1500  m.  Flevation  »  30°. 


Especially  variations  in  models  of  melting  snov  indicate  large  influences  on  specific 
attenuation  computations. 

The  dynamics  in  the  melting  process  as  function  of  height  and  tine  is  dependent  on 
the  drag  resistance  of  the  atmosphere,  fall  velocity  relative  to  air,  temperature  and 
density  difference  batveen  the  particle  and  surrounding  air. 

The  dropalte  distribution  of  snov  at  the  top  of  the  melting  layer  is  selected  so  that 
at  the  lover  height  where  melting  la  complete,  a  raindrop  size  distribution  exists  vhich 
is  comparable  with  the  M-P  distribution. 

Using  a  vater  shall  model  for  melting  snov,  a  radar  bright  band  model  as  described  by 
Dlssanayake  at  al.  [10]  vith  varying  snov  densities,  attenuation  computations  have  been 
carried  out  as  shown  in  figure  20  for  a  slant  path  through  the  melting  layer.  The  vldth  of 
this  melting  layer  -  defined  as  the  height  Interval  in  vhich  the  reflectivity  is  above  the 
rain  reflectivity  just  below  the  layer  -  is  calculated  to  be  500  m.  The  rein  height  is 
chosen  1500  at  the  elevation  angle  is  30*.  These  theoretical  results  shov  that  in  this 
case  for  frequencies  up  to  25  GHz  the  attenuation  in  the  melting  layer  is  dominant  above 
attenuation  due  to  rain.  This  means  that  in  nearly  all  cases  melting  layer  attenuation  can 
not  be  neglected. 

4.  THE  MULTI-PARAMETER  PM-CV  DELFT  ATMOSPHERIC  "ESEARCH  RADAR  (DARR). 


Since  1980  the  Delft  Atmospheric  Research  S-band  Radar  has  been  operational  for 
nydrometeor  studies.  Vhlle  Initially  target  reflectivity  and  Doppler  properties  could  be 
determined  vith  high  resolution,  recently  polarization  measurement  capabilities  have  been 


added  to  the  DARR  system. 


Figure  21.  DARR  signal  processing  scheme. 
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In  figure  21  •  simplified  block  diagram  of  th«  DARK  signal  processing  schema  la  given 
(for  a  detailed  description  of  the  DARK  ayataa  and  its  parameters  reference  is  made  to 
(111.  U2]  and  113)). 

The  transmitted  signal  of  a  FH-CV  radar  consists  of  a  linearly  frequency-modulated 
vava  of  constant  envelope  during  a  measuring  time  T  .  The  received  signal  is  delayed  over 
\*  -  2r/c  seconds  (r-targat  distance,  c-veloclty  of  light).  Nixing  of  transmitted  and 
received  signal  delivers  a  difference  signal  (called  beat  signal)  whose  amplitude  is 
proportional  to  the  target  reflectivity  and  whose  frequency  is  proportional  to  the  target 
distance.  After  AO  conversion  a  Fast  Fourier  Transform  (PFT)  can  then  be  applied  in  order 
to  measure  target  reflectivity  as  a  function  of  range. 

The  range  resolution  is  inversely  proportional  to  the  frequency  excursion  of  the 
transmitted  signal.  The  maximum  frequency  excursion  used  in  the  DARR  system  is  50  HHx, 
corresponding  to  a  minimum  range  resolution  of  3m. 

For  the  determination  of  Doppler  spectra  a  number  of  consecutive  measuring  periods  is 
used,  requiring  a  coherent  system.  As  the  beat  signal  phase  is  linearly  dependent  on  the 
target  distance,  in  the  observed  range  interval  the  FFT  spectral  line  argument  vlll  be 
proportional  to  the  beat  signal  phase.  Due  to  the  target  velocity,  the  target  distance 
vlll  accumulate  over  consecutive  measuresent  periods,  resulting  in  corresponding  argument 
changes  in  the  FFT  spectral  line.  If  a  second  FFT  is  applied  to  these  consecutive  values 
of  the  spectral  line  a  Doppler  spectrum  vlll  result  for  the  observed  range  Interval.  Under 
the  condition  that  measurements  are  taken  vlthin  the  target  decorrelation  time,  the 
resolution  in  the  Doppler  domain  will  be  proportional  to  the  number  of  measurement?.  The 
maximum  unambiguous  Dogpler  velocity  is  inversely  proportional  to  the  measurement  period 
T  (•  11.10VT  (ms  ']).  The  minimum  measurement  period  of  0.62J  ms  corresponds  to  a 
maximum  unambiguous  Doppler  velocity  of  approximately  +/-  18  ms-1.  Moreover,  vhen  the 
consecutive  beat  signals  or  corresponding  Fourier  spectra  are  stored,  the  possibility 
exists  to  adjust  the  Doppler  resolution  in  off-line  signal  processing. 

The  timing  generator  assures  systen  coherency  in  controlling  the  generation  of  the 
linearly  frequency-modulated  signal  over  consecutive  measuring  periods,  the  analog  to 
digital  conversion  of  the  beat  sgnal,  the  synchronization  with  the  AP504  array  processor 
in  which  real-time  signal  pre-processing  takes  place  and  the  generation  of  steering 


Figure  23.  Exploded  view  of  the  polarizer. 


Polarisation  measurement  capabilities  vere  added  to  the  DARR  system  by  the  inclusion 
of  separate  polarizers  in  both  the  transmitting  and  receiving  channels.  As  the  polarizers 
have  the  ability  to  rotate  the  polarization  continuously,  the  full  polarization  matrix  can 
be  measured  using  one  receiver  only,  excluding  the  need  for  dual  orthogonal  matched 
polarization  channels. 

In  figure  23  an  exploded  view  of  the  polarizer  is  given.  Essential  for  its  operation 
is  a  number  of  small  electrically  conducting  vanes  that  are  held  together  by  two  vires  in 
the  middle  of  the  vanes.  As  the  vanes  are  electrically  conductive  the  transversal 
electrical  field  is  perpendicular  to  the  direction  of  each  vane.  At  the  top  the  vanes  are 
mechanically  driven  by  a  motor,  at  the  bottom  no  rotation  is  possible,  so  the  polarisation 
of  the  outgoing  electromagnetic  wave  is  gradually  rotated  by  a  helix  of  vanes. 

By  using  a  mechanically  resonant  structure  the  polarization  angle  varies  sinusoidally 
as  a  function  of  time  with  a  period  T  of  40  ms  and  maximum  polarization  angles  of  ±  90 
degrees .  p 

In  figure  24  a  typical  example  of  the  transmitted  and  received  polarization  angles 
over  32  measurement  periods  of  1.25  ms  is  shown. 
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Figure  25.  Practical  aeasureae.it  for  alternate 
polar lae try /Doppler  Je t e rains t Ion . 


Generally,  the  transaltted  and  received  polarization  angles,  apart  froa  their 
repetition  period,  can  be  chosen  independently  froa  each  other  as  required. 

For  a  single  point  target  the  beat  signal  u(t)  can  be  vrltten  as: 


u(t)  -  Re  {(Sa.b)e^“fWd)t) 


(1) 


In  vhlchi 


( 


HH 


etc* 


S  -  scattering  matrix  S  «  jfBH  BV1 

^HV  SWJ 

a  -  polarisation  of  transmitting  antenna 
6t(t)  -  transaltted  polarisation  angle 

0  -  polarisation  angle  for  non-activated  polarizers,  dependent  on  elevation 


|costet<t)n 

s  ■  Uin{et(t)}J 


et(t)  «  eo  ♦  ettsin(2x  J 


“t  > 


b  -  polarisation  of  receiving  antenna 
©r(t)  -  received  polarisation  angle 

[«»s(er(t))i  er(t)»  eo  +  etrsin(2Rif  -  ctr  > 

-  “  Uin{er(t))J  1  p 

w  -  radian  frequency  of  beat  signal 


«d-  Doppler  radian  frequency  offset  of  beatslgnal. 
(1)  can  be  re-vritten  asi 


Rel(SHHcos(Ot(t)}cos{0r(t)}+SHveln(et<t)+er(t>l+swsln(St(l))sin(er(t))I*'1<WtWd>tl 

For  the  absolute  scattering  matrix  6  paraaeters  have  to  be  determined  for  each  range 
Interval  under  observation.  When  the  Doppler  velocity  has  also  to  be  deterained  a  total  of 
7  parameters  results.  Thus  4  measurement  periods  are  required  vithln  the  target 
decorrelation  tiae  in  which  magnitude  and  phase  have  to  be  measured. 

Although,  in  principle,  a  system  of  4  complex  non-linear  equations  can  be  solved,  it 
is  beyond  our  present  real-time  processing  capabilities  to  do  so.  Therefore,  in  practice, 
a  separation  is  made  between  the  measurements  for  the  Doppler  velocity  and  for  the 
determination  of  the  scattering  matrix. 

For  polarimetry  the  Doppler  components  can  be  excluded  by  taking  the  absolute  value 
of  the  spectral  lines  as  a  basis  for  further  processing.  Consequently  this  means  that 
instead  of  the  absolute  scattering  matrix  only  the  relative  scattering  matrix  can  be 
deterained,  requiring  5  paraaeters  (or  3  measurement  periods).  For  Doppler  velocity 
determination  a  separate  measurement  is  done  with  non-rotating  polarizers  (figure  25). 
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In  the  first  period  at  least  5  independent  measurements  are  taken  for  determination 
of  the  relative  polarization  matrix.  In  the  second  period  the  polarizers  are  switched  off. 
Taking  the  mechanical  bandwidth  of  the  polarizers  into  account,  a  stabilization  period*  of 
about  0.3  s  is  needed  for  the  polarizers  to  come  to  rest.  In  the  next  period,  for  each 
observed  range  interval,  64  measurements  are  taken  for  determination  of  the  Doppler 
spectra,  where*,  .sr  the  polarizers  are  switched  on  again.  In  this  combined 
polarization/Doppler  mode  the  assumption  Is  made  that  the  decorrelation  time  in 
hydrometeor  velocity  is  sufficiently  high. 

Mostly  the  polarizer  angles  are  chosen  such  that  6  (t)  »  ©  ( t) ,  the  co-phase  node,  so 
that  canting  angle  data  becomes  easily  available  in  the  time  dependency  of  spectral  lines 
over  consecutive  measurements.  Although,  in  principle,  the  relative  polarization  matrix 
can  be  determined  with  other  modes,  i.i.  the  anti-phase  mode  in  vhlch  8  (t)+P  (t)  -  28, 
such  modes  are  especially  attractive  vhen  combinations  of  S-parameters  are  ofpzrtlcular 
Interest.  A  summary  of  the  specifications  of  the  DARR,  including  polarizer  data,  is  given 
in  table  1. 

DAMN  specifications  (after  processing)  OAHU  specif  lest  ions  (hardware) 


Range  m  0.4  -  M  ka  Nadar  type  linage  fm. 

Analytar  bandwidth  g  i/T«  triangular,  aawtooth 

Min,  detectable  aignal  -190  ♦  lO.iogtN)  Tranaalttad  power  BO  d9b  imax) 

(S/N  -  12  dd)  centra  frequency  3. 319  Oh* 

Min.  datastaaia  raflactlvlty  l.l#’11  bftVh  c«“*  Frequency  exeunton  f  i  -  90  MH* 

Fixed  target  auppreeeien  2#  -  32  eft  Mange  reeolutien  h  l  -  iflo  m 

Hex.  unambiguous  Oopplar  ♦/-  19  ■/(  Sweep  tine  Tai  0.629  -  J40  me 

Oooplar  rgaalutler  call  0.38  w/a  (atinimun)  Bait  frequencies  0.4  -  1000  kHz 

Polar  Her  angles  ♦/-  go  aegraaa.  Naealwar  noise  figure  2.B  09 

cranarlttar,  receiver  Antenna  gain  32.7  dB  receiver 

par lad  40  at  40.3  dB  treneoitter 

atnering  co-phai'j.  anti-phaae  Antenna  baaawidth  4.9  degreaa  racaivar 

accuracy  1.9  decrees  1.9  Oagreaa  trarsalttar 

Antenna  leolatlen  >  90  dB 

Table  1. 


A  first  example  of  a  Doppler  reflectivity  profile  as  function  of  height  and  measured  with 
a  vertically  pointing  DARR  during  stratiform  rain  is  given  in  figure  26.  The  radar  is 
capable  to  aeaeure  not  only  the  effective  reflectivity  factor  and  Doppler  fa’l  velocity 
but  als,.  the  higher  order  (2nd  and  3rd)  spectral  moments  with  high  resolution  in  range  (30 
a)  and  in  velocity  (0.1  a/s). 


Figure  26.  Spectral  moments  of  rain  measured  with  DARR  [13]. 

The  physical  phenomena  can  be  analyzed  and  studied  based  on  this  type  of  Doppler 
measurements.  Above  the  so-called  0°C  isotherm  ice  particles  and  snov  exist.  The  mean 
Doppler  velocity  at  this  height  is  lov.  Around  the  0°C  isotherm  snovflakes  melt.  The  radar 
detects  this  process  by  an  increase  in  reflectivity  due  to  dielectric  changes  in  the 
melting  snovflakes.  The  melted  snovflakes  -  first  the  suail  ones  and  with  decreasing 
altitude  also  the  larger  ones  -  fall  as  raindrops  with  an  inherent  increase  in  fall 
velocity.  The  reflectivity,  below  the  height  where  the  peak  reflectivity  occurs,  decreases 
drastically  due  to  the  reduced  dimensions  of  a  raindrop  relative  to  the  size  of  the 
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snovfLak*  fro*  which  th*  raindrop  original**.  When  all  anovilakes  have  aelted  the 
reflectivity  in  thi*  rain  area  Is  nearly  constant  shoving  no  doainant  changes  in  the 
drops is*  distribution  vith  height. 

The  2nd  and  3rd  spectral  eoaents  are  shown  below  the  peak  reflectivity.  Above  the 
peak  reflectivity  these  higher  spectral  aosents  give  a  large  scatter  due  to  the  narrow 
Doppler  profile  coabined  vith  a  large  sensitivity  in  the  computation  of  these  aoaents 
for reflectivity  fluctuations  fat  away  froa  the  aean  Doppler  velocity.  Based  on  this  type 
of  aeasureaents  the  aelting  process  is  eodelled. 

At  the  bottoa  of  the  aelting  layer  the  rain  dropslse  distribution  is  deteralned. 
Comparing  H  (o  th  aoaent).and  M,  (3rd  aonent)  with  figures  3  and  11  leads  for  this  rain 
event  to  fi  -  75  10°  -  1.0  aa. 

Proa  M,  (2nd°aoaant)  it  becoaes  clear  that  the  aeasured  nuaber  of  aaall  raindrops  is  less 
than  can  be  explained  froa  the  X-P  distribution.  This  reduction  in  the  aeasured  X,  can  be 
analysed  in  aore  detail  by  using  a  gaaaa  raindrops ire  distribution  (14).  1 

At  last  the  aeasured  aean  Doppler  fall  velocity  in  rain  (1  st  spectral  aoaent) 
Indicates  a  vertical  air  velocity  of  around  0.8  a/s  upvards. 

A  second  rain-Doppler  aeasureaent  with  DAKR  is  shown  in  figure  27.  The  non-linear 
paraaeter  estiaation  routine  has  been  used  for  fitting  a  Modified  gaaaa  distribution  vith 
the  vertical  air  velocity  as  fifth  paraaeter  and  applied  to  a  aeasured  Doppler  velocity 
spactrua  vlthin  a  range  cell.  Not  the  whole  Doppler  velocity  range  is  used  in  the  fitting 
routine  as  can  be  seen  in  th*  figure.  In  this  case  only  12  Doppler  velocity  cells  have 
been  considered  with  each  velocity  cell  equalling  9/17  a/s.  Using  this  technique  a  second 
Indication  has  been  found,  for  a  aore  narrow  raindrops!**  distribution  relative  to  the 
negative  exponential  distribution. 


Pigure  27.  Observed  and  fitted  Doppler  velo-  Pigure  28.  Observed  and  predicted  reflecti- 
city  spactrua  of  rain  within  a  vity  «d  Doppler  velocity  pro¬ 
range  cell  of  30  aeters.  files  through  the  aelting  layer. 

Figure  28  is  derived  froa  the  aelting  layer  aodel  vith  a  water  shall  around  dry  snov 
particles  (10]  coabined  vith  DAHR  aeasureaents  of  the  0  th  and  the  1  st  spectral  aoaents. 

Doppler  fall  velocity  envelopes  shov  good  agreement;  the  profile  of  th*  envelop*  of 
th*  aean  reflectivity  is  correct  except  that  the  peak  value  in  the  aodel  is  overeatiaatad. 
Lowering  the  peak  reflectivity  in  the  aodel  is  possible  by  introducing  a  aore 
sophisticated  refractive  index  characterisation  of  the  aelting  particles. 

A  last  exaapl*  of  DARK-Dopplev  results  is  given  as  part  of  the  Doppler  aeasureaent 

caapalgn  in  1985.  Special  Interest  is  given  to  DABR  detection  capabilities  during 

convective  ralnshovers.  During  these  events  no  distinct  radar  bright  band  is  detected  and 
in  case  of  hail  peak  reflectivities  even  do  not  occur  within  the  aelting  process.  Based  on 
th*  aean-reflectlvlty  and  aean-Doppler  envelope  as  function  of  height  and  tiae,  the  top 
and  th*  bettoa  of  the  radar  bright  hand  is  deteralned  together  with  th*  height  of  aaxiaua 
reflectivity  in  betveen.  Sven  when  detection  difficulties  exist  to  characterise  th* 

aelting  process  at  soae  instant,  th*  tin*  dependence  gives  aore  Insight  into  th* 
characteristic  heights  aentionad  above  (figure  29). 

DARK  polariaetcic  aeasureaents  have  been  carried  out  in  a  aeasureaent  caapalgn  vith 
30*  elevation.  During  the  aeasureaents  the  asiauth  angle  has  been  selected  so  that 
perpendicular  to  th*  horisontal  wind  the  polarisation  dependence  of  th*  reflectivity  can 
be  aeasured  with  ainiaua  Doppler  disturbance.  The  polarisers  are  steered  in  co-phase  aod* 
in  uueh  a  vay  that  th*  ainiaua  and  aaxiaua  polarisation  angles  equal  -41*  and  49* 
respectively,  relative  to  horisontal  polarisation.  The  rang*  resolution  is  30  aeters.  The 
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sweep  tin  if  2.5  ms.  Vlthin  a  rang*  call  at  900  a.  distance  tha  polarlaatrlc  data  in 
figura  30  as  function  of  tiaa  has  baan  derived  for  8  up-going  sveeps  par  polarisation 
period.  Tha  polarlsatlon-tiae  dependence  indicates  that  vindshears  are  responsible  for 
strong  vcriatlons  in  canting  of  a  fev  large  raindrops.  So  far  only  preliminary  DARR- 
polariaetric  aeasureaents  have  been  executed.  This  type  of  measurement  has  to  be  carried 
out  in  future  to  get  more  detailed  polarisation  Information  of  hydroaeteors. 


•  t  4  c  auiauM 


Figure  29.  Top  and  bottom  of  the  melting  layer  and  the  peak-reflectivity  vithln  the  layer 
during  convective  shovers  as  function  of  tine. 


Figure  30.  Polarlnetric  data  as  function  of  time,  vithin  a  30  n  range  cell. 


References 

1.  P.S.  Ray,  'Broadband  Complex  Refractive  Index  of  Ice  and  Water",  Applied  Optics,  Vol. 
2,  Ho.  8,  pp.  1836-1844,  1972. 

2.  B.R.  Pruppacher,  R.L.  Pitter,  "A  Semi -Empirical  Determination  of  the  Shape  of  Clouds 
and  Raindrops",  Journ.  of  Atn.  Sci.,  Vol.  28,  pp.  86-94,  1971. 

3.  J.A.  Horrison,  M.J.  Cross,  "Scattering  of  a  Plane  Electromagnetic  Wave  by  Axisymmetric 
Raindrops",  Bell  Syst.  Tech.  J.,  Vol.  53,  No.  6,  pp.  955-1019,  1974. 

4.  R.  Gunn,  G.D.  Rinser,  "The  Terminal  Velocity  of  Pall  for  Water  Droplets  in  Stagnant 

Air",  J.  Meteor.,  Vol.  6,  pp.  243-248,  1949.  ^ 

5*  S;5;  249-253^1969!*'  "tnmiMl  v«loel'y  °f  Raindrops  Aloft",  J.  Appl.  Meteor., 

*’  KTKic  •**  “•J** 

’•  SmSMST"  Sp*,1,n  *». 

8*  Chicago! *197 3.  "R*d*r  °ba*rV,tion  of  lh#  Atmosphere",  The  Univ.  of  Chicago  Press, 

*’  toll  £5?;  London!°198l! ' * '  "Hlcrov‘ve  *•****'•  Vol.  I.  Addi.on-W.sl.y 

“■  s.rar2rs5“5^  “■  -d  ,r“h‘- 

12.  L.P.  Ligthart,  L.R.  Niauwkerk,  "Review  of  Capabilities  of  the  Swift  FH-CV  Radar  for 
Rsssufsssnta  of  Precipitation",  URSI-IEE  Conf.  Bournemouth,  pp.  102-109,  August  1982. 

13.  L.P.  Ligthart,  L.R.  Niauwkerk,  J.S.  v.  Sinttruyen,  "Basic  Characteristics  of  FH-CV 

1A  S TTC'  2“°  pfoc-* No<  3B1*  pp-  3^-33.11,  OctoSE  1TO.  FM  CT 

14.  5L'V*  blbfich*  Hatural  Variations  in  the  Analytical  Form  of  the  Raindron  Size 
Distribution",  J  of  Climate  and  Applied  Meteor.,  Vol.  22,  pp.  1764-1775,  1983. 


21-15 


DISCUSSION 


A.  Ishlmaru,  US 

Why  did  you  choose  M-P  and  gamma  distribution?  Did  you  consider  ice 
particles? 

Author's  Reply 

The  M-P  distribution  was  selected  to  make  comparisons  in  the  radio 
drop  sites  derived  from  polarimetrlc  measurements  and  from  Doppler 
measurements.  The  gamma  distribution  was  used  to  get  an  optimum  fit 
between  the  measured  Doppler  spectrum  and  the  theoretical  Doppler 
spectrum  derived  from  the  gamma  distribution.  The  vertical  air 
velocity  was  taken  into  account 'in  the  fitting  routines  as  an 
additional  unknown  parameter.  Ice  particles  were  only  considered  at 
the  top  of  the  melting  layer  to  investigate  in  detail  the  melting 
process  in  the  radar  bright  band. 

F.J.  Kelly,  US 

Are  chere  any  effects  on  rain  or  snow  particles  detected  coincident 
with  lightning  events? 

Author's  Reply 
No. 


SUMMARY  OF  SESSION  V 


OCEAN  SURFACE  EFFECTS 
by 

J.H.Richter,  Session  Chairman 


The  Ocean  Surface  Effects  Session  consisted  of  an  overview  paper  of  theoretical  modelling  techniques  followed  by  four 
other  papers  which  are  concerned  with  applications  in  the  HF,  VHF,  microwave  and  millimetre  regions,  respectively.  The 
overview  paper  by  M  .Fournier  entitled  “Modelling  of  EM  Wave  and  Sea  Surface  Interaction”  reviews  EM  systems  parameters 
and  signal  characteristics  used  in  connection  with  ocean  surface  effects.  It  then  covers  hydrodynamic  and  statistical  properties 
of  the  sea  surface,  including  various  spectral  representations.  Finally,  the  paper  reviews  available  models  of  EM  wave  and 
ocean  surface  interactions.  These  models  consist  of  perturbation  theory  for  EM  waves  which  are  large  with  respect  to  ocean 
waves,  physical  optics  techniques  for  small  EM  wavelengths  and  a  combination  of  both  when  EM  and  ocean  wavelengths  are  of 
the  same  order. 

The  second  paper,  by  J.Walsh  and  S.Srivastava  entitled  “Rough  Surface  Propagation  and  Scatter  with  Applications  to 
Ground  Wave  Remote  Sensing  in  an  Ocean  Environment”,  addresses  HF  radar  for  surface  or  low  altitude  target  detection.  The 
authors  use  a  general  formulation  for  rough  surface  propagation  and  scattering  problems  based  on  the  concept  of  generalized 
functions.  Their  technique  uses  a  spatial  and  temporal  three-dimensional  Fourier  transform  representation  for  the  field 
quantities  and  requires,  in  the  most  general  case,  the  solution  of  a  pair  of  coupled  vector  integral  equations  for  surface  field 
quantities.  For  their  application,  this  general  solution  reduces  to  a  single  vector  integral  equation  for  the  electric  field  intensity, 
which  is  the  primary  quantity  of  interest  for  ground  wave  propagation  and  scattering.  This  equation  may  be  further  reduced  to  a 
Volterra  equation  of  the  second  kind.  With  this  approach,  the  backscattered  field  solutions  at  ground  wave  frequencies  and 
resulting  radar  cross  section  solutions  derived  previously  are  presented  and  discussed.  The  second-order  cross  section 
contains  new  terms  in  addition  to  those  provided  by  existing  theories.  These  terms  may  be  important,  for  example,  for  detection 
of  stationary  surface  targets. 

The  third  paper  by  D.Chrissoulidis  and  E.Kriezis,  entitled  “Wave-Tilt  Sounding  of  Tropospheric  Ducts  above  the  Sea”,  is 
an  interesting  proposal  to  extend  wave-tilt  measurements,  used  successfully  at  lower  frequencies,  to  the  100—200  MHz 
frequency  band  in  order  to  sense  atmospheric  ducts  above  the  ocean.  A  numerical  study  relates  wave  tilt  (as  measured  by  an 
airborne  platform)  and  trapping  refractivity  gradients  above  the  sea.  The  effect  of  ducts  on  wave  tilt  is  shown  through  frequency 
shifts  in  a  wave  tilt  versus  frequency  diagram.  This  shift  is  rather  insensitive  to  duct  thickness  variations  and  even  sea  state. 
Whether  *v  lea  can  be  practically  realized  remains  to  be  demonstrated  experimentally. 

T.  »  Curth  paper  by  C-Baker  and  K.Ward,  is  entitled  “I-Band  Multipath  Propagation  over  the  Sea  Surface".  A  3 -cm 
wavelength  radar  was  used  to  measure  target  fluctuations  over  a  line-of-sight  path  and  interpret  the  results  as  a  function  of  sea 
surface  roughness.  They  find  a  good  fit  of  their  data  to  the  Rice  model  provided  that  the  measurements  are  made  over  a 
sufficient  duration  to  include  low  frequency  sea  surface  components.  Observed  effects  of  large  scale  ocean  structures  on  the 
resulting  multipath  lobing  structure  suggest  that  two  relatively  similar  sea  states  can  result  in  very  different  multipath 
properties,  with  swell  destroying  the  multipath  lobing  pattern  by  increasing  the  total  roughness  of  the  sea  surface. 

The  last  paper,  by  Y,Hurtaud,  D.Terret,  J.Daniel  and  A  Junchat,  is  entitled  “Measurement  and  Modelling  of  36  GHz  Sea 
Reflection  Phenomena”.  Extensive  line-of-sight  measurements  were  taken  over  a  9.6-km  path.  Tidal  changes  caused 
interference  pattern  variations  of  the  received  signal  for  a  fixed  receiving  antenna.  The  receiving  antenna  could  be  moved 
vertically  to  create  steady-state  conditions  which  enabled  the  measurement  of  forward  specular  reflection  coefficients.  Good 
agreement  between  theory  and  measurement  was  obtained.  Effects  of  atmospheric  refractive  structure  on  the  data  were  also 
observed. 
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MODEL!  S  ATI  CN  DL  L'  INTERACTION  ENT  PE 
UNE  ONDE  ELECTROMAOnSTlQUE  ET  LA 
SURFACE  DE  XA  HER 


Michal  Foumiir 

Le  Centra  Then  boh  d' Applications  Radars 
18-20  roa  Grange  Dame  Rose,  78143  VAllsy-Villacoublay  FRANCE 


RESUME 

Cat  expos*  a  pour  but  de  presenter  tine  aynthAse  our  lea  moysn*  thAoriquas  dont  peut  disposer  un 
concepteur  de  systAmes  AlectromagnAtiquss  fonctionnant  au  voisinage  de  la  mar. 

L  •  interaction  entre  l'onde  4  IsotranagnAtiqu#  et  la  surface  de  la  mer  apporte  da  profondes  modifi¬ 
cations  au  fonctionnement  de  ces  syattees  qu'il  convient  de  prendre  an  compte. 

Trois  aspects  sont  prAsentAs  : 

-  Corner  lea  be  sains  de  l'utllisateur  en  gAgageant  les  exigences  srr  le  nembre  et  la  nature  dee  para- 
mitres  qu'il  est  ndeessaire  de  connaltre  pour  atteindre  l'objectif  qu'il  s'ast  fix*.  Ces  exigences  sont 
fonction  de  la  fr*quence  d 'Amission,  de  la  disposition  gAamAtrique  des  aAriens  via-A-vis  de  l'interface 
mer-atmosphAr* ,  du  type  d' Amission  ainsi  quo  du  contexts  opArationnel  envisage. 

Dans  tous  les  cas,  11  est  n*cessaire  de  pouvoir  estimer  les  caract*rlstlques  statistiques  spatiales 
et  temporelles  des  signaux  radio* lectriquea  rogue. 

-  description  appropri*e  de  la  surface  de  la  mer  camportant,  en  partlculier,  un  examen  de  la  coopatibili- 
t*  entre  les  lois  de  l'hydrodynamique  et  celles  de  la  statistlque.  D'un  point  de  vue  thAorique,  le 
problAma  eat  de  d*crire  la  surface  de  la  mer  comma  un  processus  stochaatlque  A  deux  dimensions.  Les 
diffArentes  formes  de  representation  spectrale  de  la  aurfacefcont  cxposAes  ainsi  qua  lea  liens  qui 
existent  entre  alias, 

-  examan  des  diffArents  modules  disponibles  pour  dAcriro  1 • interaction  entre  l'onde  AlectrcmagnAtique  et 
la  surface  de  la  mer.  Ces  modAlea  peuvent  Atre  classAs  en  trois  principaux  groupes  t 

.  la  thAorie  des  perturbations  qui  s'applique  bien  lorsque  la  longueur  d'onde  AlectromagnAtique  est 
plus  grande  qua  la  hauteur  moyenne  des  vague s* 

«  thAories  basAes  sur  l'optique  physique  qui  s'appliquent  A  des  fr*quences  plus  AlevAes, 

.  thAories  mlxtes  qui  cherchant  A  conciliar  les  deux  aspects  prAcAdents. 

Dana  chaqua  cas,  on  a'af force  de  mettre  an  Avidence  les  avantages  at  laa  Unites  d'emploi  du  modAle. 


1*  INTRODUCTION 


Les  caractAristiques  des  signaux  recueillis  par  un  rAcapteur  radioAlectriqua  se  trouvent  profondAment 
modifiAes  lorsque  celui-ci  est  aituA  au  voisinage  de  la  surface  de  la  mar.  En  affet  outre  le  signal  direct 
identlque  A  cclui  qu'il  recevrait  an  a apace  libra  viennent  s'ajouter  un  certain  n cobra  de  signaux  pertur- 
bataurs  rAsultant  de  rAflexions  multiples  sur  la  surface  de  la  mar. 

Da  mmbreuses  Atudes  ont  montr*  qua  ces  signaux  pauvant  se  dAccoposer  en  deux  tarmes  : 

-  un  signal  rAflAchi  d'une  maniAre  cohArante, 

-  un  aignal  rAflAchi  d'une  maniAre  diffuse. 

Le  signal  direct  et  le  signal  rAflAchi  cohArant  sont  deux  signaux  dAterministea.  I  Is  a '  addltionnent 
vectorial  lament  en  tenant  compte  du  dAphasaga  liA  A  la  diffArence  ent.re  les  deux  trajets  fonction  de  la 
gAamAtrie  de  la  liaison.  II  en  rAsulte  des  interfArences  pouvant  donner  lieu,  soit  A  un  ranforcement  du 
signal,  soit  A  das  attAnuations  pouvant  aller  pratiqusaent  jysqu'A  1 'extinction .  ces  effete  doivent  Atre 
AvaluAs  at  pris  an  compte  lore  de  la  conception  da  matAriels. 

La  signal  diffua  ast  un  signal  alAatoire  qui  fluctue  dans  la  temps  et  dont  1 'origins  provient  des 
diffArentes  rAflexions  qui  se  produisent  sur  la  surfaca  de  la  mar. 

Ces  fluctuations  jouent  un  rftle  important  dans  les  performances  global#*  des  systAmes  et  leur  Influence 
dolt  Agalanent  Atre  prise  en  coopts  lore  de  la  conception  de  ces  systAmes. 
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Mn*  la  pluport  d«l  cas,  qu'll  s'agisss  i 

-  ds  radars, 

-  da  tyattosa  da  tdldocmunlcatians, 

-  d'autadlractaurs  d'snyins. 

Is  oaptaur  dlsetrcKagndtiqus  sat  ccoposd  da  plusiaura  adrlana  dltoantalns  constltoant  l'antanna  princi¬ 
pals.  II  oanviant  an  vua  da  concavoir  un  traitsoant  du  signal  adapt*  d'tfvaluar,  d'una  part  laa 
iluctuaticna  *  la  sortia  da  chaquc  rdcaptaux  dldaantaira  mala  auaai  d'dvaluar  laa  tarnaa  da  corrdlation 
antra  daux  captaurs  voisina. 

Pour  luialysar  la  probldoa  d'una  aanitra  thdoriqua  la  disposition  la  plus  ainpla  aat  da  ccnalddrar  un 
rdcaptaur  ccnpoad  da  daux  adrians  voialna,  laa  rdaultata  obtanua  pouxront  dtra  faoilanant  dtandua  au 
cas  da  pluaiaura  antannas  dldsantaixaa.  Una  antanna  rdcaptrioa  paut  Itra  ocnaiddrda  c cm  un  opdrataur 
lindaira  t  la  tanaion  an  aortia  aat  dcnnda  pax  i 

S  f  ^  (^ •  ^ ^ 

expression  oO  fy  at  Eh  sent  respectivement  Xss  eomposantes  verticals  st  horisontale  du  champ  Alec- 
triqus  incident  dans  la  direction  ccnsidArAe,  S  f  «  fl)  aat  la  gein  gSnAralisA  da  l'antanne  da 
reception  dans  cetta  mime  direction,  3>  correspond  au  denaine  dans  lequel  le  phAncmine  de  diffusion 
est  signlficatlf  (ce  domains  est  salon  les  cas  limitA  par  la  gain  de  l'antanne  ou  bien  au  contraire  par 
les  caractAristiques  de  diffusion  de  la  surface) . 

les  fluctuations  tempore  lies  du  signal  diffus  peuvenf  Atxe  AvaluAes  en  cherchant  sa  statiatique 
du  second  erdre,  c 'sst-A-dire,  la  fcnction  d’ autocorrelation  du  processus  stochastique  asaociA  qui  eat 
dAfinie  par  t 

n(z)= 

De  la  m&ne  fa^on  le  couplaqe  spatial  antre  composantes  diffuses  du  signal  A  la  sortie  des  deux 
capteurs  AlAmentaires  considArAs  at  notAs  A  at  B  peut  Atre  AvaluA  par  la  matrice  i 

A. «  *[fr  ] 

Y  =1  "*(h\ 

Cn  ne  s'intAressa  ici  qu'A  la  corrdlation  du  signal  au  mime  instant  at  en  deux  points  sAparAs. 

D'une  maniire  plus  gAnArale  la  natrice  : 

A/i  =  £[yry] 

y  =  i  *r»lh  v8(hxi\ 

caractArise  ccuplAtement  la  corrA  lation  spatio- tempore  lie  antra  la  sortie  des  capteurs  placAs  aux  points 
AatB. 

En  utilisant  la  notation  matricielle  une  formulation  simple  permet  en  reliant  les  caractAristiques 
gAcmAtriquee  de  le  liaison,  lee  caractAristiques  des  r  A  capteurs  et  les  caractAristiques  de  diffusion 
de  la  surface  de  dAterminer  les  paramAtres  statistiques  du  second  ordre  A  la  nortie  des  rAcepteurs. 

Ces  paramAtres  statistiques  permettent  de  tenir  compte  du  canal  propagation  dans  un  traitament  du 
signal  adaptA.  Cette  formulation  met  en  Avidence  quo  pour  effectuer  ce  calcul  il  set  nAceesaire  de 
connattre  d'une  part  la  metrics  de  covariance  des  termes  de  diffusion  au  mAme  instant  mais  ausai  la 
matrice  de  cross -cover  lance  de  ces  mAme  termes  entre  deux  instants  dAcalAs  r  stiff  f. 

La  metrics  de  covariance  des  termes  de  diffusion  A  un  mAme  instant  est  dAfinie  par  * 


A  9(o)  =  f[3?r2»*]  ca  = 


las  coapoeantes  du  vecteur  9  sent  las  t«Hi  da  la  aatrlea  da  dlffuaion  ddflnla  d'una  Ban.' Ira  claa- 
alqua.  La  aatrlea  da  ercee-covarianoe  antra  daux  lnatanta  ddcalda  aat  ddflnla  da  la  a4aa  fegan  par  i 
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A,  ft;  =  £[*r(h)**(K*)] 

La  probl4me  qui  aa  poaa  au  ceneaptaur  da  natdrlal  utlllaant  una  llalaen  redlodlactrique  au  volsl- 
napa  da  la  aurfaea  da  la  nar  aat  done  d'avelr  aoeda  *  ca*  natrlcaa  oaractdrlaant  la  dlffuaion  at  aaa 
fluetuatlona  taaporallaa. 

L'obtantlon  daa  a ldoenta  da  la  aatrlea  A»r»J  paut  aa  falra  an  appllquent  las  lola  da  l'dlactro- 
aagndtiaae  *  la  aurfaea  da  la  oar  suppoade  flgde.  In  ravancha  l'obtantlon  daa  dldnanta  da  la  aatrlea 
A,  (t|  fait  lntarvanir  d  la  fola  laa  lola  da  l'dlactrcaagndtiraa  at  laa  lola  da  l'hydrodynaalqua 
etna  paut  aa  falra  aana  una  bonna  eonnalaaanca  prdalabla  daa  phdnoadnaa  paraattant  da  dderlra  corrac- 
taaant  la  aurfaea  at  lncluant  l'aapact  taaperal. 

\ 

Una  adthode  thdorlqua  lddala  davratt  done  dana  tout  laa  caa  da  figures  dtra  capable  da  foornlr  laa 
daux  aatrleaa  •t  an  n 'utlllaant  qua  laa  a  aula  lola  da  l'dlaotxaaagndtiaae  at  da 

l'hydradynaBiquaet  na  falra  appal  qu'd  un  alnlaua  d'hypothdaaa  aiaplif lcatrieaa . 


2.  MOpmsKrxuw  ca  ut  wma  p»  u>  mto 

L'objet  da  catta  partis  da  l'axpoad  aat  da  aattra  an  rallef  laa  paramdtraa  aaaantlala  paraattant 
una  aoddllaatlon  da  la  aurfaea  da  la  mar  pouvant  aarvir  da  aatdriau  da  baaa  pour  una  dtuda  daa  pro- 
prldtda  da  dlffuaion  an  vua  da  fournlr  laa  dldnanta  ndeaaaalra  1  la  rdaolutian  du  problems  thdorlqua 
poad  cl-daaaus. 

La  aurfaea  da  la  mar  paut  dtra  conalddrda  causa  cenatltuda  par  la  tuparpoaltlon  da  trola  phdnomdnaa 
dlatlncta  i 

-  la  aar  du  vant, 

-  laa  endaa  da  capillar  ltd, 

-  la  houla. 

La  aar  du  vant  aat  caraetdriade  par  daa  v aqua  a  qul  aa  formant  aoua  1' action  du  vant  aoufflant  aur 
una  cartalna  dtandua  da  aar.  Ca  aont  daa  ondaa  da  gravltd  aattant  an  aouvaamnt  daa  aaaaaa  d'aau  plua 

ou  aolna  laportantaa  at  dent  la  vitaaae  aat  contrdlda  par  1 'action  da  la  peaantaur.  Catta  agitation 

continue  atna  aprda  qua  la  vant  alt  caaad  pour  a'anortlr  prograaalvanant. 

Laa  ondaa  da  capillar ltd  aont  daa  ondaa  do  eourta  longueur  d'onde  dont  la  vitaaae  aat  contrdlda  par 
laa  phdnondnaa  da  tanaion  auparficlalla  aur  la  aurfaea.  Ellas  na  aattant  paa  an  aouvanant  daa  aaaaaa 

d'aau  laportantaa  at  caanant  d#s  qua  la  vent  toaba.  Par  vant  fort,  alias  aa  auparposant  4  la  mar  du 

vant  at  par  vant  faibla  allaa  conatltuant  la  riada. 

Ut  houla  aat  canatltuda  par  daa  vaguaa  aa  propageant  loin  da  laur  llau  da  formation.  Ella  aa  carac- 
tdrlaa  par  una  granda  rdgularitd  at  das  erdtaa  plus  longues  qua  la  aar  du  vant.  Ells  paut  axlatar  an 
1' absence  da  tout  vant  aur  la  xona  oti  alia  aat  obaarvda. 

La  aar  du  vant  at  la  houla  correspondent  4  daa  vaguaa  dent  lea  crates  sent  sdpardaa  par  das  distances 
da  1'ordredu  adtra  4  qualquaa  centainas  da  aitras,  alcra  qua  lea  endaa  da  capillaritd  sent  da  l'ardra 
du  cantlaStra. 


2.1)  LI  an  antra  l'aapact  hy 


naalqua  at  l'aapact  atatlatlq 


Du  point  da  vua  hydrodynaalque  la  lindariaation  daa  Equations  rigourauaaa  da  la  mdcanlque  das 
fluldaa  conduit  au  rdaultet  qua  laa  aouvamants  da  la  aurfaea  correspondent  4  una  superposition 
d'endea  disparaivas,  c'ast-4-dira  qua  laur  vitasaa  da  propagation  depend  da  la  longueur  d'onde. 


Dans  la  caa  das  ondea  da  gravltd,  c'est-4-dira  lor  aqua  la  aouvaoant  da  la  surface  paut  dtra 
censiddrd  ccasn  rdgi  par  laa  seulas  forces  lides  4  la  peaantaur  la  relation  da  dispersion 
s'dcrlt  i 


*  * 


Dana  la  dcsMdne  o4  aaulaa  latarrlanaant  la a  foreca  u«ea  A  la  tanalon  tuperf iclalla,  la  relation 
da  dispersion  a 'dealt  t 


A'fr) 


r*f 


TJ  aat  la  coefficient  da  tanalon  superf iclalla  da  1'eeu  da  nar  it  at  d f  aont  raapactlv— agt 
laa  danaltda  da  l'alr  at  da  l'eau.  f  ' 

Dana  la  a  ana  da  tranaitlen  antra  eaa  daux  densities  la  ralatlon  da  dlaperalcn  pout  a'dcrira  i 


S£(*\  a  JK  + 


r*r 


laa  aquation  a  da  l'hydrodynwique  eoodulaant  trda  feci lament  aua  ralatlona  da  dlaparalcn  aala 
na  donnant  paa  da  ranaalgnaaanta  aur  la  hautaur  daa  ddnlvallatlena.  tn  affat  pour  avoir  accds 
1  la  hautaur  das  v aqua a  11  aat  ndcaaaaira  da  fairs  intervanlr,  outra  laa  for cat  da  gravitd  ou 
da  caplllarltd,  la  coupldge  dnargdtiqu*  antra  la  vant  at  laa  veguea  at  da  tanlr  coapta  daa 
turbulancaa  da  l'alr  au  voitlnaga  da  la  aurfaca.  Ida  thdorlaa  qul  ant  dt*  dtveloppdea  dana  ca 
aana  condulaant  A  daa  rdaultata  qul  aont  dlfflcllaaa.it  utilisablea  dana  la  probldaa  da  1* Inter¬ 
action  d'una  onda  dlactraaagndtique  at  la  aurfaca  da  la  aar.  Cast  pour  quo!  d'un  point  da  vua 
baaucoup  plus  pratiqua  a  dtd  lntrodulta  una  daacrlptlon  atatiatique  da  la  aurfaca.  Catts  epproohe 
aat  eohdrente  awe  1  'approciie  hydrodynaalqua .  In  ccnaiddrant  la  aurfaca  rmwa  apatlalansnt  at 
taaparallaannt  atatlonnalra,  11  aat  possible  da  ddfinlr  un  ipactra  at  l'en  paut  nontrar  qu'll 
arista  una  ar.alogla  foraalle  antra  la  solution  llndarlsda  daa  Aquations  da  1 ' hydrodyruuaique  ac 
la  thdortna  da  la  raprdaantation  apactrala  da  Nlanar-Khlntehlna  qua  l'cai  gdndrallaa  alnal  A 
una  aurfaca  conatituda  par  una  auparpoaltlcn  d'ondaa  diaparslvas.  Catta  raprdaantation  conduit 
done  A  una  aurfaca  qul  aat  atatlonnalra  par  rapport  aur  eoordonndaa  du  taaipa  at  da  1 'a apace 
at  qul  vdrifla  laa  loia  da  1 'hydrodynaalqua . 

Spectra'  da  la  aurfaca 

Catta  notion  da  spectra  lids  A  una  aurfaca  un  mouveaant  avec  una  loi  diaparsiva  aat  approfonfia 
Id  aur  troia  pdnta  inport  an  t«  ■ 

-  11  an  antra  laa  dlffdrantaa  definitions  du  apactra  aalen  qua  1'on  conaidira  la  apactra  mono, 
bi  ou  tridiannaiannal, 

-  dtude  da  la  aona  apactrala  carreapcndant  au  doataina  daa  endaa  da  caplllarltd, 

-  obtantlcn  pratiqua  d'un  apactra  drractlf. 

la  aurfaca  Atant  canaiddrda  comna  spatlalsoant  at  tempera  1  lament  atatlonnalra,  11  aat  Mgitiue 
d'dcrire  i 


=  *(*,*! 


Wh  correspond  4  la  ddnivellal^on  par  rapport  au  nivaau  moyen  ■ 

par  la  vecteur  7T  at  4  1 'instant  •  .  La  function  d1  autocorrelation  _ 

an  aa  platan t  an  daux  oointa  da  I'aspaca  adparda  ddfinia  par  at  ^  at  4  daux  instants 
ddcalda  ht  at  Q  »  ^  f  Z  . 

On  paut  dana  caa  ccndltiana  ddfinlr  la  apaetra  trldlaanalonnal  par  : 


au  nivaau  moyen  au  point  ddfini  apatlalamant 
d'autocorrdlatlan  da  1.'  aurfaca  aat  obtenua 


I*  nufkct  itnt  Mall*  m  Spectra  Ht  qMMvti  c'Mt-t-4in  vh  i 
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5  (-TT,  A)  ■  S(7,A) 

qua  noyanna  d«*  ******  a'aapria#  «n  fan 

S  fir,  -A/  J74 A 

m 


t*  hauteur  quadratlqu*  noyanna  da*  ******  a 'atpclaa  an  fonctltxt  to  c*  spactr*  par  la  relation 

fa* 


L*  **n«ralleatlon  du  theorem*  da  Hiaoar-fMntchin*  applique*  1  la  aurf***  aadn*  t  lntrodulr* 
d'un»  aanlAr*  naturall*  la  apactr*  A  tf)  *ul  nrnapand  t  l‘dn*r*l*  qul  a*  prop***  dan* 

1*  tana  du  vaetaur  jf  alnal  qu*  1*  apactr*  qul  corraapcnd  A  una  propaqation  dan*  1* 

a*n*  centra Ira . 

Ota  daua  apactr**  aont  dlaayttdtxlqua* ,  l>  amt  plua  coaoda  pour  la*  application*  d ' lntrcdulr* 
da  vat  autra*  apactr**  qul  tux  rent  ayndtrlqua*.  Caa  apactr**  aont  ddflnla  par  i 


j*.nn 

s 

s  ♦  (*)  « 

7.7  *o 

n 

$.  (7)  •* 

7.7<o 

KW 

9 

l  (7)  .1 

7**0 

Hpo 

m 

*♦{*)  11 

7.7  <  o 

eat  un  vactaur 

corraapendant  A  la  direction  du  vant.  A  caa 

procaaaua  *)j  .  at  corraapendant  ratpactlv— nt  A  daa  end**  *a  prepaqaant  dan*  la  tent  du 
vactaur  ^  (direction  du  vant)  at  dtna  1*  tans  rdtrcqrad*.  Cat  deux  procattut  tent  a  Increment t 
orthogenaux  at  ortkoqonaux  antra  aux  at  pamattant  una  raprdaantatlcn  da  la  turf  tea  tout  la  font#  i 

)(t,h  =  ,7, 

^ (ir), 

*n  fonctlon  da  S  (tf)  at  S.  fifj  la  function  d' autocorrelation  apatlo-ttnpnralla  da  la  turfact 
a'dcrit  <  ■* 

*(*,*)  = 

J  t +*•*]  ^(ti) jjf 

-  ao 

ca  qul  conduit  A  una  autra  expreaalcn  du  spectre  trldiacnaiannel  t 

$(*,A)  =  5,^S[^  +  (7.7)  a  (k}J 

+  S,  fH)  S [-a  _  (7.7)  ji  (7) ] 


<S 


•»t  1ft  fonctlon  do  Dirac) 


Catta  dtndlrt  relation  print  0  'Icrira  la  hautaur  rjuadrutiqua  aoyanna  dot  vaguaa  tout  la 
(ora*  i 

*  I  [  *,(>0+ M*>] 

-  *9 

La  apactra  hllmaaaliiiai  cat  obianu  an  a*  ilagant  au  B*H  lnatant  an  daua  points  dltfiranta 
da  la  aurfaoa,  c'aat-4-dJr*  an  ccnaiddrant  calla-el  con  ( ig*a . 

Far  definition,  la  fonctlon  d' autocorrelation  Ja  catta  aurfaca  tlpda  aat  #9* la  1  , 

»(*)« 


h*  apactra  bidinansionnal  qui  aat  la  transform*  da  rouriar  da  catta  fonctlon  d 'autocorrelation 
aat  dcnni  par  t 


Par  construction  ca  apactra  aat  ayadtriqua  » 

$(-*)  =  5(7) 

La  hautaur  quadratiqua  noyanna  das  vaguaa  a'axprlaa  an  fonctlon  da  ca  apactra  par  : 

/*** 

»j*  =  f  S(Tt)fr 

-  ac 

Ca  qui  conduit  1  la  ralation  : 

S’fTjs  S,  (1?)  +  S,  (7) 


La  apactra  bldiaanslonnal  aa  dtfduit  du  apactra  tridimansionnal  par  i 


r"* 

J  Z(X,lL)jjl 


La  apactra  unldlaan»ionnal  (ou  apactra  tmporal)  ast  abtanu  anas  placant  an  un  point  da  la 
aurfaca  at  an  conaiddrant  la  atatlatlqua  t sapor* 11a  da*  cMnlvallaticna.  r«  apactra  aat  diractaawnt 
accaaalbla  par  l'axpdrlanca.  La  fonctlon  d' autocorrelation  da  la  hautaur  dna  vaguaa  ast  donnda 
par  i 


22-7 


la  spectra  unidlmnsicnnal  s'dcrit  par  definition  i 


S(ji)  <  JL.  (  H(t 
,n 


Cs  spsetrs  sst  bisn  sntsndu  symdtiique  i  $(-{!)  S  hauteur  quadratlque  moysnne  das 

vaguos  ast  damda  par  i 

+  00 


<*y  =  j  Sf  si)<Isl 


.«0 

On  paut  puuc  du  spectre  tridiaenslcnnel  au  spectre  temporal  par  la  relation  : 


/♦" 

$(/i)  =  /  *  fM) 

/_oo 


Catta  expression  paut  sa  transformer  an  introduiaant  las  apactraa  ^  no  at  S|  da a  daux 
J  at  perms ttar.t  la  representation  apectrala  da  la  aurfacs. 


procaaaua 


On  a  vu  quo 


$  (if,  Si)  =  S,  (tf)  £ [  JL  +  (TT.?)  ji  (k)] 

+  S4  (k)  S  [ .a  .  (TT.v)  jz  (Tj  ] 


La  f  one  t  Ion  da  Dirac  qui  epparait  dans  catta  formula  sign  if  ia  qu'une  ends  da  naubra  d'ende 
spatial  K  na  sa  propage  qua  ai  la  relation  da  diaparaion  : 


J1  =  ±  J1  (k)  -  ^  (K) 

aat  vdrifide.  Bn  introduiaant  la  fen ct ion  inverse  da  la  relation  da  dispersion  :  Ks  4  (A) 
at  an  passant  an  coordonndas  polairea  dans  la  plan  daa  vacteurs  d'onda  spatiaux,  0  v 

on  paut  dcrira  j 

X*  ysi)c»8 

ss  J  (ilj  Aim  0 

II  dxiata  una  cor respond an ca  biuni voque  antra  las  variables  [Wj  0)  at  laa  variables  j  , 

transformation  dent  la  Jacobian  s'dcrlt  t 

7  s  -ft-  3(A) 


.  /»r 

•A)  s  tfA)  Ijgl  j  + 


d'od  la  relation  : 


Relation  qui  <teblit  un  lien  entre  le  epectre  tempore 1  et  le  epectre  Sirectif .  per  ellleurs  le 
spectre  teaparel  peut  * ' exprimer  en  fonction  du  module  du  vecteur  d'onde  fT  .  En  ntillsant  la 
relation  de  dispersion  XL  r  {(*}  on  obtient  une  relation  qui  s'dcrit  t 

SfK)  = 

La  mod A la  pratique  de  spectre  le  mleux  confirm^  par  1' experience  eat  celul  de  Pier  sen -Hoakowitz 
[l]  qui  eat  artuellement  universe llament  adopts.  IX  permet  de  reller  S  (A  )  4  la  vi tease  du 
vent  par  une  formulation  simple.  Cependant  il  presents  le  d4faut  de  ne  bien  a'appliquer  qu'au 
denaine  dea  ondes  de  grav±t4  et  tr adult  mal  la  r4alit4  dans  14  domain#  dee  courts*  longueurs 
d'ande  en  particulier  dans  le  denaine  correspondent  4  la  capillar! t4. 

Bn  effet  le  apectre  permet  de  calculer  la  pente  quadratlque  moyenne  dea  vague*.  Dana  le  caa 
du  spectre  de  Piersor-Moekowitz  ce  caloul  conduit  &  une  pente  quadra tique  moyenne  infirie  [2]  ; 
ceci  eat  dQ  au  fait  que  la  dtfcroiaaance  du  apectre  (en  \/ Ar  )  n'aat  paa  asses  raplde  pour 
assurer  la  convergence  de  l'intdgrale  donnant  la  pente  dea  vaguea.  Or  certalnes  theories  de 
1 ' interaction  entre  une  ande  llectrcmegnltique  et  la  sirface  de  la  mer  font  intervenir  la  pente 
quadratlque  moyenne  come  un  paramAtre  essential  dans  lea  calculs,  dans  ce  cas  le  spectre  de 
Pierson-Moskowitz  est  inutllisable  et  1  'cn  fait  souvent  appel  aux  formulas  empiriques  de 
Cox  et  Munk  [3  ]  qui  expriment  directement  la  pente  quadratlque  moyenne  des  vagues  en  fonction  de 
vitesse  du  vent.  Cependant  une  telle  demarche  n'est  pas  satisfaisante  our  le  plan  thlorique  et 
11  est  bien  prlf Arable  de  disposer  d'un  spectre  done  la  ddcroissance  on  fonction  de  la  frequence 
conduit  4  une  estimation  cor re eta  de  la  pente  des  vagues. 

Des  travaux  basis  but  un  grand  newbre  de  mesures  experiment  ales  ce  sort  efforcls  de  combler 
cette  lacuna.  II  est  actuellement  Itabli  que  dans  le  darsine  des  ondes  capillairea  [ 4-5-6]  le 
spectre  peut  s'exprlmer  sous  la  forme  : 


S(n) 


in 
XL  • 


oti  SL  est  en  radians  par  seconds  et  p  -  j* «  /oj 
v *  est  la  vitesse  de  friction  {mn/4  )  . 

Cette  vitesse  introduite  en  thlorie  de  la  turbulence  peut  Atre  relila  4  la  viteese  du  vent 
mesurle  par  un  anAmanitre  4  1' altitude  (cm)  au-deasus  Cu  niveau  moyen  de  la  surface  par  lea 
relations  t  & 

/0. 4)  lx>g  (  £  /  )  (cm/'s) 

<^9  -  <0.684/  17#  )  +  4.28  *  lO-5  17^  -  0.0443  (as) 

Formulation  valable  pour  >  12  cm/s. 

Cette  thAorie  conduit  4  un  spectre  qui  dApend  pour  son  calcul,  de  deux  paraiaAtres  : 

la  vitesse  du  vent  et  la  hauteur  de  l'anAraomAtre,  elle  nAcessite  la  dA  termination  de  la  vitesse 

de  friction  en  inversant  lea  formulas  donnant  U  en  fonction  de  . 

Bn  utilisant  cette  mAthode  il  a  AtA  Atubli  un  spectre  couvrant  touts  la  gamma  des  frequences  . 
Ce  spectre  est  dAfini  par  morceaux  4  l1 aide  de  formulas  qui  se  raccordent  aux  frontiAres  de 
cheque  demaine  de  validitA.  Dans  le  denaine  des  basses  frequences  rAgies  par  la  gravitA,  ce 
spectre  est  identique  4  celul  de  Pierson-Moskovitz. 

Dans  le  domaine  den  ondes  de  capillarity  il  correspond  4  la  formulation  dlcrite  ci-dessus.  Le 
raccord  entre  ces  deux  zonea  se  fait  en  diviaant  la  plage  intermAdialre  en  deux  parties  distinctes. 
Par  aJ  lleurs  une  cinquiAne  zone  couvrant  le  denaine  allant  de  la  frontiAre  supArieur  des  ondes 
capillairea  juequ’aux  frequences  trea  A levies  assure  une  dAcroissance  spectrale  telle  qua 
l1  ensemble  du  spectre  conduit  4  me  p*nte  quadratlque  moyenne  des  vagues  flnie  et  conform©  aux 
mesures  expAriaen  tales  dc  Cox  et  Munk. 

Pour  rAsoudre  le  problems  114  au  traitement  du  signal  qui  se  pose  au  concepteur  de  matlnel,  la 
connaissance  du  seul  spectre  tempore  1  est  insuffisante  et  il  est  »  4  cess  air©  pour  mettre  en 
oeuvre  lea  theories  permettant  da  d4terminer  la  correlation  spatio-temporelle  du  signal,  de 
disposer  du  apectre  tridimen  si  onnal  ou  tout  au  moins  du  spectre  bidimennionnel  de  la  surf  ice  de 
la  mer. 

L'examen  des  formules  permettant  de  reller  entre  eux  las  different*  spectres  montrent  qu'il  est 
facile  de  passer  du  spectre  tridimensionnel  au  spectre  bldiraensionnel  et  du  spectre  bj dimension- 
nel  au  spectra  temporal,  mais  cm  passage  se  fait  d'une  manlAre  irreversible  et  il  est  Impossible 
de  passer  par  example  du  apectre  temporal  au  spectre  bidimen  si  onnal  par  une  formulation  pursuant 
analytique,  il  eat  nAcsesaira  4  ce  stade  de  faire  des  hypotheses  physique  suppl4mentaires . 
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Pour  obtanir  un  apactra  diractionnal  cenpatibla  avae  1*  jpantra  tanporal,  la  princlpa  da  la 
dAsarcha  aat  la  aulvant  t 

-  ccano  S(-fL)  s  S(Ajll  aat  cconcda  da  dAfinlr  un  nouvaau  apactra  dona  la  qua  1  n'lntervian- 
nanc  qua  dau  frdquancaa  poaitlvas  i 

S  *(A)  =  IS  (A)  Jl^o 

-  la  apaetra  diractif  paut  a'Aerira  : 


$(*.,*)  *  $*(*) 

•ft  ici  1«  ajwctr*  direotif  nan  fymtftrlqu#  » 

S*fTf)  =  <[  S,(W)  *  S*r-*)] 


-  dAi.i  oaf  conditions  : 


s‘(a;  =  f 

J-7T 


-  d'un«  oenifcro  fomalla  on  p«ut  toujour#  4crire  : 


La  relation  4 erica  pr4c4d«exoant  montre  qua  doit  oMlr 


doit  obdlr  A  : 


auaai  la  problAna  da  la  dAtaraination  du  apaetra  dlractlf  ravlant  A  trouvar  un  nodAla  pour  la 
fonction  {(W  qui  earaetdriaa  la  rApartition  ongulalra  daa  vaguaa.  La  fonction  J aat 
l’ehjat  da  nodAliaations  qua  1  'an  paut  rApartir  an  daux  claaaaa  :  calks  oO  /  aat  lrdApendant 
da  Si.  at  callaa  ml  ^  an  dApand . 

Dana  la  pramiAra  claaaa  la  nodAla  la  plus  simp  la  aat  la  nodAla  asmi-iaotrepa  i 


--?•  «r  »  *-?■ 


-  0 


Un  eutre  ^odfle  couraneent  employ#  eat  t 


•t  C0H9 


_  7T  ^  Q  <  JT 

T  * 


Dana  la  dauxlAna  catAgoria  on  ranoentra  daa  nodAlaa  du  typa  i 


axpraaalcn  ofi  fi  aat  vn*  fonction  plua  ou  noina  copllquAa  da  Jl  .  L'obtanticn  da  tala  modAlaa 
a  fait  l'objut  da  nonferaux  travaux  da  la  part  daa  ocAanographaa  dent  la  dAtail  dAparaa  la  cadra 
du  prAaant  axjoaA  qui  na  Vila  qu'A  indiquar  lea  principaa.  cn  paut  trouvar  dans  [e]  at  [9j  una 
diaeuaaion  axtrAsunant  ccnplAta  da  caa  nodAlaa. 
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3.  sssmsssm  S  HiamaSSSi  B£&£  l'ohp*  iMcracHMagiiour  et  a  3pnr»ei!  08  jj  igw 

II  ut  nlc.stir.  pour  ripcndr*  «  I'objacflf  flr< ,  d.  eonnaXtra  lai  daax  matz.lcaa  j\-Q  (Ol  at  -A.  fZ) 
corzaapondant  raapactivaoant  A  la  matrlca  d«i  sovarlanca  doc  t lfoant*  da  o  ..’fraction  | ^  J^| 
•  on  alma  inatant  at  A  laur  matrlca  da  iroaa-ccverianca  A  darn  lnatanta  ddcalda  /  at  r  ^  C 
L'obtantion  daa  dldoanti  da  la  matrlca  A,/**  paut  flu  fair*  an  appliquant  7es  lois  da  lp41ectrcoagn4- 
tiswe  A  la  aurfaca  suppose*  figAe,  nlora  qua  las  Aliments  da  la  matrlca  (Zf  fart  intaxvanlr  A  la 
foi*  lea  loia  da  l'41cctrc«aitgnAti*me  at  las  Ion  da  I’hvdrodynamique. 


Noua  exaulnona  lei,  or  qua  1 1  on  paut  at  tan  dr  a  daa  modAles  chAoriqu^a  axlatanta  pour  aberdar  cas  deux 
probltaea.  la  mAthod*  thAoricue  idtfale  davralt  pour  toua  laa  cas  da  figures  4tra  r. doable  da  calcular  laa 
daux  matricaa  (0)  et  A*  (Zj  »  an  aa  a'aidant  qua  daa  aauiaa  loia  da  l'AlactrcDsgnAtiome  at  da 
l'hydrodyns»ique1sn  na  faiaant  appal  qu'A  un  minimum  d 'hypotheses  simplif icatricaa .  La  pratique  mentre 
qu 'll  a'avAre  ar  fait  nAceaaaire  da  fairo  dds  la  depart  daa  hypotheses  simplifioatr Leas  pour  Acrira 
conditions  aux  Unites  qui  sont  diff  idles  A  formuler  d'une  maniAre  rigourausa  dana  la  ?a a  d’une  aurfaca 
alAstoira. 

3.1)  MAthode  daa  perturbations  fB-tl) 

Catte  thAoria  pose  comma  hypothAsa  da  depart  qua  la  champ  total  paut  J ‘ccrira  sous  fc-.me  u  '-one 
rooma  infinia  d'anden  planes  at  qua  catta  description  act  valable  an  ‘;out  point  au*  Seasos  da  la 
surface. 


En  Acrivar.t  das  conditions  aux  llmicas  exactaa  at  an  utllisant  lea  Aquations  dr  Maxwell,  or. 
aboutlt  A  un  nysttaa  linAaira  qui  perms t  d* identifier  laa  coefficients  da  ).*  accuse  d'ondaa  plcmaa 
dAcrivant  la  champ  diffuse  par  la  surface.  Pour  cr»  fairs,  on  decompose  a  surface  an  harmcniquas 
spa tl aux  at  l1  on  suppose  dans  las  calculo  qua  la  rugoaitA  dr  la  aurfaca  cat  InfArieure  A  la 
longueur  d'onde  du  champ  AlactramagnAtiqua  incident.  La  mAchoda  conduit  A  uAcomposer  la  champ 
total  rAaultant  er  deux  termaa  t 


-  une  ccrapofanca  oohArente  correspond™ t  A  ce  <.nie  douneralt  la  rAflexion  apdculaire  sur  la  pls>i 
non  perturbA, 

-  une  runposante  nor.  cohArente  cc*respon<l*nt  A  la  diffusion  lJAe  A  1 'influence  daa  perturbations 
da  la  surface  do  la  mar. 


Las  calculs  dAveloppAs  au  dAp*rt  pour  una  surface  figAe  sont  aisAment  ^AnAralisAs  A  une  surface 
en  meuvemant. 

La  mAthode  mat  ar  relief  la  rAeultat  ramarquable  qua  la  diffusion  da  l'onde  AlactromagnAtique 
paut  Atre  ifttj-.’prAtao  cctue  1* interaction  antra  daux  phAnomAnas  ondulatoiree ,  l'un  d«  nature 
ileotrcmagnAtlque  at  1 'autre  dn  nature  mAcanique,  saula  la  compoaanta  spactrala  da  la  aurfaca 
(in  la  mar  qui  a  ia  m«ma  longueur  d'onde  qua  l'onde  llectrcmagnAtlque  incident*  lnteragit  avac 
celle-ci. 


Cn  about'. t  done  A  un  phAnomAne  asaez  samb labia  A  ca  qui  ar  paaaa  an  criatallographia  pour  la 
diffraction  doa  rayons  X  par  un  rAseau  criatallln  (diffraction  da  Bragg) . 

La  mAthode  dee  perturbations  parmet  d'accAder  par  la  calcul  aux  matricaa  JL.  (0)  at  A-  (Z  ) 
an  tenant  ccmpte  de  tous  laa  aspects  au  prcblAme,  on  partlculler  la  polar iaatxon  eat  prise  on 
cempte  d'ufe  maniSre  rigourausa  at  l'affat  d'anbre  pour  lea  incidence  raaantas  oat  lmplicitamant 
Indus  tans  la  mAthode.  Dans  la  Jalcu.l  das  tames  du  premier  cadre  le  spectre  da  la  surface  inter- 
viant  aaul  at  aucuna  hypcthAsa  n'ast  faite  aur  la  loi  da  pro*  sbilitA  daa  dAnivellationa .  SI  l'cn 
charcha  laa  tarmaa  d'i*i  tar  action  du  deuxi&oc  ordra  1'hypothAaa  Geuaaienna  dolt  Atre  falta  pour 
peuvoir  affactuar  las  calculs  analytiquament. 

La  mAthode  das  perturbations  a  raalhevreusement  1'lnconvAnient  de  ns  Men  s'lppliquer  cu'A  une 
Burtoce  rugueusa  (en  tonne*  da  longua^ir  d'onda  du  rayonnacent  incident),  son  domaina  d' application 
na  couvra  done  pas  lea  hyparfrAquences  pour  lasquellaa  la  hauteur  quadratiqua  meyenne  deu  /agues 
(ande*  dr  grav.^tA)  eat  an  gAnAral  aupArieuie  k  la  longueur  d'onda  AlactromagnAtique.  En  revan^hf . 
alia  a 'applique  bian  pour  las  frAquences  util.lsAas  dans  la  domaina  ai  tAlAcomnunications . 

3*2)  MAthodas  da  l'optlgue  physlgua  at  u*  l'optiqua  gAonAtrigus 

Las  mAthodas  de  l'optiqua  physique  sont  basAua  S’or  1 'approximation  par  1'lntAgrale  db  K^rchhoff 
[12]  .  Laa  i-alcula  utilisent  daa  conditions  aux  llmitaa  appreocimativas,  grAce  A  1' approximation 
dita  du  plan  tangent  >  lea  conditions  aux  iimitea  sont  ceilas  qui  seiaiant  dAduitaa  raistivemant 
au  champ  AlectromagnAtique  Incident  pour  un  plan  loca^ament  tangent  A  ".a  surface  considArAo. 

Catta  approxioatix.n  n'ast  vala?)le  qua  si  las  rayons  da  coo-bure  principaux  da  )a  surface  sont 
plus  grands  que  la  lonqu^ur  d'onde  at  si  1‘ incidence  n'ast  pas  troy  rasante. 

Cas  mAthodas  sont  baauconp  noins  rig  ureusus  qua  la  mAthode  das  perturbation  a,  car  ailaa  dia- 
sociant  l'anyect  polarisation  du  calcul  du  champ  rerayonnA  prtr  la  suriaca.  L'intAgrale  de 
rirchhoff  ast  appliquAe  A  vn  champ  scalaira  at  la  polarisation  du  champ  r  4  Am  is  set  ass  ini  1  As  A 
calls  rAsultant  du  plan  tangent  moyen  A  la  surface-  [13-14J. 
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Bn  lsddanoa  taunt* ,  11  aat  tvidant  qua  nulmmant  un*  parti*  da  la  aurfae*  trouv*  llhanin*. 
par  la  aourea,  l'autra  parti.  sa  trauvant  dans  l'cabra.  La  alaa  an  oauvra  corracta  da  la  adttaoda 
da  oalcul  auppoaaralt  qua  l'cn  oennalaaa  la  partia  dolalxda  pulaqua  la  ahamp  tddala  aat  obtanu 
an  i'ltdgrant  dans  catt*  aona  laa  coir  anti  Indutta  par  la  ehup  «laetxcmagn*tiqua  Incidant.  Bn 
fait,  ca  auppoaa  touts  la  aurtaea  dolalrda  dans  un  praalar  taapa  du  oalcul,  pula  1'cn  introdult 
un  ooafflolant  nuadrlqua  qul  tlant  coapta  da  l'oabxa  [15-18J  .  II  a'aqlt  It  d'una  adthoda 
ixtrlaiaint  artificially,  dent  la  rdsultat  davlant  da  plus  an  plus  doutaux  vara  laa  lnoldancaa 
rasantas , 

’,ai  adthodaa  da  i'eptiqua  physique  pauvant  ttra  g*n*ralia*as  t  das  aurfacaa  aniaotropas  an  mouva- 
aant.  l'hyputhtsa  d'una  aurfaco  Qauaalanna  aat  elors  ntcaaaaira  pour  affectuer  laa  caloula  [19]  . 

Oaux  a apart!  inturaaaanta ,  ear  faellaa  t  aettra  an  oauvra  at  bian  vdrlflda  par  l'axpdrlanca,  aont 
t  rrtanir  dans  satta  adthoda. 

II  a  agit  t 

-  da  l'influanca  da  la  rugoalt*  da  la  mar  sur  l'anplituda  du  signal  rdfltchl  cohtrant  [20-?ll  , 

-  da  la  possibility  da  dtflnir  d'una  panitra  prdciaa  la  notion  Intuitive  da  surface  acintlllanta 
qui  aat  ral'de  &  la  pants  quadratique  noyanna  das  vaguaa  [lzj  , 

Dana  lax  mdthodaa  da  l'optlqua  phyaiqua,  on  caleula  la  campoaanta  diffuaa  an  moyannant  la  chomp 
par  rapport  t  toutas  laa  rdallsationa  atatlatiquaa  da  la  surface. 

Au  contralre,  dans  laa  methods  a  da  l'optlqua  qdfdtrlaua,  ui  ddvoloppa  la  calcul  avant  d'etfactuar 
la  moyenna  ptatiutiqua  an  faisant  apparaitra  lea  caractdriatiquaa  gdcmdtriquaa  locales  t  travels 
1 'orientation  da  la  normals  at  las  rayons  da  courbure  da  la  aurfaca  au  point  consider*.  La 
champ  diffua  rat  finalament  calcul*  an  ccnaiddrant  un  enaambla  da  points  brillants  ayant  una 
courbure  dent  on  a  calcul*  la  moytnna  t  l'aida  da  la  description  statistique  ds  cetts  surface 
[22-25]  . 

Cas  mAthofe*  * 'appliquent  bien  pour  un*  surface  trAs  rugueus*  j  si  lss  prAssntsnt  c ©pendant  1© 
dSfaut  d©  a©  pr*t©r  lifficilsmant  «u  calcul  dss  correlations  temporalis*  ©ntr©  daux  41Am#nts  d« 
surface,  la  cslcui  statistiqus  Atant  introdult  d'una  maniAr©  baaucoup  plus  artiflcialls  qus  dans 
la  cadre  das  »4thod©s  banAea  sur  l'c^tiqu©  physique. 

3  .3)  MAthodss  mixtes 

Ellas  charchsnt  a  conciliar  las  osux  approchss  prdcAdsntss  :  pour  las  petit© a  ondulationa 
(csplllariti)  on  utilise  l©  method©  dvs  perturbations  at  un©  autra  methods  pour  las  grandes  ondu- 
Isticns  (vagues  at  houle^ . 

La  adthoda  ds  Sansnov  [26-27]  act  la  plus  siapls  :  *11©  utilise  It  methods  d©  l' integral©  d© 
Kirchheff  9°ur  las  grandma  cndulatiuis.  la  mAthoda  ds  Wright  [26-29]  sst  plus  4 labor*©.  Ella  met 
an  oauvra  un  repArs  principal  dsns  loqusl  sont  ddcrits  las  grand©®  andulaticns  et  un  repAr© 
local  dent  1’ orientation  ©at  donnAs  par  la  normal#  A  la  surface  correspondent  A  l'onauletion  d* 
grands  anp.ii.tuds .  Dsn*  Is  repAr©  local*  1©  cheap  4 I©c  tr  crcagnA tiqu©  rsdiffus*  sst  c&lculA  en 
consldArant  Its  pstltss  ondulationa  atxmm  vsnsnt  ss  juxtupceer  A  una  surface  localamsnt  plana  at 
an  appliquant  la  thAoria  ds c  perturbations.  Ls  rdsultat  obtanu  sst  moysnn*  par  rapport  aux 
orientations  alAatojrss  du  rapArs  local  dans  la  repAre  principal.  Cetts  thAoria  fait  actuellanant 
1‘objst  ds  Aombrausns  investigations  at  donne  das  rAsultats  qui  c  a  dr  ant  bian  avac  1'sxpArisnca 

rs-3oj . 

.'•11a  ast  cjpandant  limit*®  au  cas  men  or  t*  tiqu© .  Bn  effat,  l'exaasn  das  formulas  foumias  par  la 
thAoria  das  perturbations  montrs  qua  dm*  ca  cas*  cs  sont  Iss  compoeantes  las  plus  hautas  du 
spectra  hydrodynsu^qua  qui  lntaragissent  avsc  l'onda  AlectromagnAtlqua  incidents,  sn  revanche, 
dans  la  cat  ds  trajsts  multiples,  on  peut  voir  qus  cs  sont  las  composantas  las  plus  basses  qui 
interagissent,  or  cos  caapo# antes  correspondent  aux  ondss  da  gravitA  qui  sent  da  orandb  amplitude 
st  pour  l*~«u( alias  1'hypothAso  ds  perturbations  pstitss  par  rapport  A  la  longuaiu  d'onda  n'ast 
plus  valabia.  Catts  mAthode  r.'sst  done  par  applicable  au  cas  da  trajets  multiples. 


Toutas  lss  mAthodss  mixtss  font  appal  pour  lour  miss  an  osuvra  A  l'hypothdse  qua  la  surface  ast 
Gauaslsnn©  deplus  la  problta©  da  1' ombre  ss  pos©  pour  lss  grandes  ondulations  de  la  mime  mani&rs 
qus  dans  is  cas  das  mAthodss  ds  l'optlqua  physique. 


4.  CCHCmSICM 

la  prAsance  da  1'  interface  msr-ataosphAre  apporta  des  perturbations  important©®  aux  matAriels  radio*  lsc- 
txiquss  for.ctionnant  dans  son  voisinaga.  En  effat  las  rAfltxiona  multiples  sur  la  surface  intarfArant  avsc 
la  signal  direct  cs  qui  prodult  dss  fluctuations  da  l'amplitude  st  da  la  phasa  du  oignal  rAsultant.  Dens 
certains  cas,  on  peut  observer  un#  quasi -extinction  du  signal.  Pour  luttsr  contra  cas  influences  nAfastss 
st  prendre  an  ccmpte  la  canal  da  propagation,  la  concaptaur  da  matArial  doit  utilisar  un  traitamant  du 
signal  apprcprlA. 
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Ce  trait— int  est  bu4  sur  une  oennalssano*  des  carscttfrlstiquas  t— para  Us*  ou  spatial—  du  signal 
au  sur  uns  ccmbinMscn  d—  dsux.  U  — t  done  important  *u  nivstu  da  la  conception  da  cas  — tAriels  da 
pouvolr  disposer  d’un  moyen  d' 4  valuation  das  caractirlstiques  statistlqu—  du  signal  regu. 

On  paut  mentrer  qua  1—  tanas  du  second  ordre  t  fonction  d'auto-oorrAlatian  ou  spaotre  A  la  aortia 
du  rAoepteur  at  —trice  da  corrdlation  spatiala  peuvent  Atra  dCduits  da  la  gAonAtrle  da  la  liaison*  du 
gain  das  aArlens  constituent  la  rdeeptaur  at  das  pars— tres  csractArisant  la  diffusion  ds  l'onde  Alectro- 
magnAtique  par  la  surface  da  la  mar  t  ( 0)  —  rice  ds  covar lanes  de  terms ■  da  diffusion  at  .A.—  (Z ) 

matrica  da  cross -oovariance  entre  dsux  instants  dwoalAs. 

L'A valuation  ds  cas  414— nts  caractdrlsant  la  diffusion  n4cassits  uns  dsscription  sppropri4e  da  la 
surf  sea  da  la  — r.  Un  point  important  ast  qua  les  on  das  mAcanlquas  qui  angandrant  catta  surface  sent 
dlspersives. 

La  notion  ds  spectra  par— t  da  d4crirs  statistiqu— snt  la  surface  an  regroupant  ecus  uns  forma  acces¬ 
sible  un  tr4s  grand  ntabrt  ds  —  suras  sffsctuAes  par  las  oc4snog raphes  t 

-  le  spectra  da  Pierson-Moskowitx  d4crit  les  andes  de  grsvitA, 

-  le  domains  des  ondes  cspillsires  peut  4tre  ectuellement  sppr4hend4  d'un*  maniAre  corrects, 

-  11  existe  das  noddles  ds  dAcroissance  spectrala  conduisant  A  uns  sstiaation  ds  Is  pants  das  vagues 
conforms  k  1'axpArisnce . 

Par  si  Ilsurs  il  ast  possible  par  uns  formulation  appropriAs  da  pas  sar  du  spectra  temporal  feci  lament 
accessible  k  l'axpArisncs  at  dent  on  dispose  de  bons  noddies,  A  un  spectre  diractif  qui  trsduisa  d'uns 
maniAre  rAslista  las  propriAtAs  physiques  da  la  surface. 

Dispoeant  d'uns  description  convenable  ds  la  surface  lea  caractAristiques  da  diffusion  pauvent  Atre 
obtenues  k  partir  d'une  modAlisation  de  l'interaction  entre  l'onde  AlectromignAtique  et  la  surface  de 
la  mer. 

Les  uodAles  diapcnibles  peuvent  Atre  classAs  en  trois  principaux  groups 8  j 

-  la  thAorie  des  perturbations  qui  s' applique  loraque  la  longueur  d'onde  AlectrcnagnAtique  eat  plus 
grande  qua  la  hauteur  quadrat! qua  moysnns  das  v Agues, 

-  las  thAorie a  basAes  sur  l'optique  physique  qui  s'appliquent  k  des  frAquences  plus  AlevAes, 

-  les  thAories  mix  tee  qui  cherchent  k  conciliar  les  deux  aspects  prAcAdsnts. 

Les  mAthodes  des  perturbations  perms  t  d'stteindrs  l'objectif  fixA  qui  ast  d'accAdsr  aux  tsr—s  carac- 
tArisant  la  diffusion  en  se  servant  qua  das  Aquations  de  Maxwell  et  d'uns  dsscription  ds  la  surf  sea 
incluant  les  Aquations  ds  la  mAcanique  das  fluides.  Malheureusament  cette  raAthods  eat  lioitAe  en  frAquence. 
Les  autres  mAthodes  pour  leur  part  ne  rdpondsnt  qu'iaq>arfai tenant  A  l'objectif  dAcrit. 

Le  choix  d'un  modAle  doit  done  se  fair#  sur  la  bass  d'un  certain  n ombre  ds  comproraia  en  fonction  des 
besoins  correspondent  au  problA—  posA  au  conceptsur. 

Dans  beauccsip  de  cas  un  modAle  s— i-erpirique  peut  don ner  des  rAsultats  satisfaisants  dans  le  cadre 
d'un  problft—  parti  culler.  Par  ex— pie  la  thAorie  de  l'optique  physique  per—  t  de  calculer  les  terms 
de  diffraction  de  la  surface  suppoeAe  fig  As  aloara  quo  las  fluctuations  du  signal  sont  obtenues  par  das 
considerations  am piriques  qui  ne  sont  pas  incluses  dans  la  mAthode  thAorique  miss  en  oeuvre  pour  dAcrire 
l'interaction  entre  l'onde  A lectrcma gnAtique  et  la  surface  de  la  mer  [31-32J  . 

D'un  point  de  vua  pratique  il  conviant  aueai  de  prendre  en  considAration  la  complexltA  de  miss  an 
oeuvre  d'uns  thAorie  dans  le  choix  de  calle-ci  en  vue  d’une  application. 

Un  —pact  important  qui  eat  nAgligA  par  les  thAories  existantes  est  1' influence  des  fluctuations  du 
signal  dues  A  1'hAtArogAnAitA  des  basses  couches  de  1'atmosphAre  au  volsinage  du  dioptre  canstituA  par 
la  surface  de  la  —  r.  Il  est  done  illusoirt  pour  le  praticien  de  nettre  en  oeuvre  des  thAories  trop 
complexes  ds  l'interaction  entre  ends  AlectromagnAtique  et  la  surface  de  la  —  r  qui  condulraient  A  des 
rAsultats  nAgligeant  un  facteur  qui  peut  se  rAvAler  important. 
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SUMMARY 

Some  properties  of  the  vector  integral  equation  representing  a  general  formulation 
for  propagation  and  scattering  from  rough  surfaces  are  discussed.  It  is  shown  that 
under  certain  conditions  the  equation  may  be  reduced  to  a  Volterra  equation  of  the 
second  Rind  in  the  normal  component  of  the  surface  field  for  an  initially  unexcited 
surface,  and  hence  some  confidence  may  be  had  in  a  Neumann  series  or  successive 
approximation  solution.  Using  the  formulation,  the  backscattered  field  solutions  at 
ground  wave  frequencies  and  resulting  radar  cross  section  solutions  derived  previously 
for  a  model  of  the  ocean  surface  are  presented  and  discussed.  The  source  assumed  is  a 
vertical  pulsed  dipole.  The  choice  of  receiving  antenna  is  left  arbitrary.  The 
seoond-order  cross  section  contains  new  terms  in  addition  to  those  provided  by  existing 
theories.  The  additional  terms  may  become  very  significant  in  certain  Doppler 
frequency  regions  and  hence  required  for  ocean  clutter  estimation  in  the  detection  of 
certain  types  of  surface  targets.  Some  of  the  new  predictions  have  been  verified 
experimentally. 


1 .  INTRODUCTION 

The  interaction  of  electromagnetic  waves  with  the  ocean  surface  has  been  a  topic 
of  investigation  for  many  years.  In  particular,  the  analytical  models  of  this 
interaction  are  used  in  the  interpretation  of  ground  wave  Doppler  returns  in  order  to 
estimate  ocean  surface  parameters,  such  as  surface  current  and  directional  wave  height 
spectra.  Also  these  models  are  useful  in  understanding  and  prediction  of  contending 
ocean  clutter,  when  using  these  radars  for  surface  or  low  altitude  target  detection. 

The  analytic  models  for  ground  wave  radars  have  i..  the  past  been  obtained  largely  by 
Rice's  [1]  perturbation  method.  Of  particular  Interest  is  the  work  of  Barrick  [2],  who 
has  derived  an  average  first-  and  second-order  backscattered  radar  cross  section  for  a 
patch  of  the  ocean  surface - 

In  a  different  approach,  the  authors  have  presented  a  general  formulation  for 
rough  surface  propagation  and  scattering  problems  based  on  the  concept  of  generalized 
functions  [3].  The  technique  utilizes  a  three  dimensional  (spatial  and  temporal) 
Fourier  transform  representation  for  the  field  quantities  and  requires  in  the  most 
general  case  the  solution  of  a  pair  of  coupled  vector  Integra]  equations  for  surface 
field  quantities.  However,  under  certain  assumptions,  (reasonable  for  the  ooean  et 
ground  wave  frequencies),  on  the  refractive  index  and  spatial  frequency  spectrum  of 
surface  and  fields  these  equations  may  be  reduced  to  a  single  vector  integral  equation 
in  one  unknown,  which  happens  to  be  the  electric  surface  field  intensity.  This,  of 
course,  is  the  primary  quantity  of  Interest  for  ground  wave  propagation  and  scattering. 
Using  the  Integral  equation  for  periodic  surfaces,  a  Neumann  aeries  solution  is  derived 
for  the  surface  field  in  the  transform  domain.  As  an  application  of  the  series 
solution  in  ground  wave  propagation  and  scattering,  the  source  is  taken  to  be  an 
elementary  vertical  pulsed  electric  dipole.  For  this  souroe,  the  first-  and 
second-order  expressions  for  the  backscattered  surface  field  for  a  model  of  the  ocean 
aurfaoe  have  been  developed  elsewhere  [4,5].  Consequently,  the  two  orders  of  the 
baokecatterod  radar  cross  seotior,  are  derived.  In  this  paper  some  properties  cf  the 
above  vector  integral  equation  are  dlsoussed .  It  is  shown  that  this  equation  for  the 
normal  component  of  the  field  may  be  reduoed  to  a  Volterra  equation  of  the  second  kind 
when  considering  it  in  the  time  domain  for  ar.  initially  unexcited  surface  such  as  using 
a  time  pulsed  source.  This  automatically  brings  the  convergence  properties  of  the 
Volterra  equation  into  effect  when  generating  a  Neumann  series  or  successive 
approximation  solution.  The  field  and  cross  section  results  derived  ir.  [4]  and  [5]  are 
also  presented  and  discussed. 


2.  ONE  VIEW  0?  ROUGH  SURFACE  SCATTER 

The  starting  point  in  the  present  discussion  is  the  equation, 


2  If  e"a'Uo  .  /  [  |n(x' )  |2  5+(x>)  -  filial]  e“f(*,)U°  .-**  *  *  dx-. 

—  —  i  Un 


(1) 


This  equation  is  equation  (64)  in  Walsh  and  Srivaetava  [3].  In  Eq.  (1)  the  function 
f(x')  n  f(x,y)  is  the  rough  surface  profile.  E  is  the  electrio  field  immediately 
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♦  L  ♦  , 

above  the  surfaos,  i.e.,  the  surface  field.  R  Is  a  vector  function  related  to  BT  and 

*z“ 

the  normal  derivatives  of  the  field  at  the  surfaoe.  The  expression  Es  refers  to  the 
eleotric  source  field  (assumed  to  be  above  the  surface)  in  a  plane  z»z”<  f(x,y).  The 
underbar  denotes  two  dimensional  x  *  (x,y)  Fourier  transform  while  K  »  (Kx,  Ky)  is  the 
transform  variable  or  spatial  wavenumber.  The  veotor  n  is  Riven  by 

n  (x,y)  «-fx$-fy$  +  £ 

and  is  a  vector  normal  to  the  surface.  =  (JC2  -  k2)1/2  where  k  =  u(p0t0)*/2  is  the 

free  space  radio  wavenumber.  The  geometry  Is  Illustrated  In  figure  1. 


In  the  most  general  oaso  Eq .  (l)  Is  one  of  a  pair  of  integral  equations  relating 
♦  ♦+  ♦+ 

the  source  E„  ajd  the+^ector  fields  13  and  R  .  A  simultaneous  solution  of  those  two 
equations  for  E  and  R  allows  calculation  of  the  scattering  above  and  below  and  on  the 
surface.  In  the  case  of  a  good  conducting  surface  satisfying  reasonable  roughness 
conditions,  relative  to  the  source  frequency,  e.g.,  the  interaction  of  high  frequency 
(3-30  MHz)  radio  vaves  with  ocean  gravity  waves,  one  Integral  equation  may  be 
approximately  solved  to  give 
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Where  n2  =  er  -  Jo/(uc0)  is  the  square  of  the  refractive  index,  vxy  denotes  the  two 

dimensional  (x,y)  gradient  and  the  subscripts  t  and  n  denote  tangential  and  normal 
components  respectively.  It  should  be  mentioned  that  for  many  cases  of  interest,  e.g. 

ground  wave  propagation  and  scatter  the  E  is  the  quantity  of  interest.  Details  of  the 
formulation  as  well  as  the  assumptions  in  arriving  at  Eq.  (2)  may  be  found  in  Walsh  and 
Srivastava  [3]. 


Also,  in  the  above  referenced  paper,  a  series  solution  of  Eqs.  (l)  and  (2)  is 
provided  for  a  general  periodic  surface  and  for  arbitrary  source.  This  solution  is 
given  in  the  Fourier  transform  or  spatial  wavenumber  domain  and  in  terms  of  the  surface 
Fourier  coefficients.  For  this  reason  soma  of  its  properties  are  not  immediately 
apparent,  in  particular  when  it  la  applied  to  problems  involving  time  pulsed  ground 
wave  radar  systems. 


We  note  Eq.  (j.)  may  hr  written  as. 
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Noting  from  Eq.  (2)  that  R  is  a  linear  function  of  E,  then  Eq.  (3)  may  be  interpreted 
as, 


*z~  -z~Un  ,♦+.  .♦+. 

2  ^  e  0  =  Tt  (E  )  -  T2  (E  )  , 

where  the  linear  operators  Tj.  and  T2  have  obvious  definitions  from  Eq.  (3). 
Tj  is  invertable  Eq.  (4)  may  be  rewritten  as 


(4) 

Assuming 


1?  (F^  (2  g"  e^))  =  E+ 


rrl 


(5) 


where  Fx„  denotes  inverse  (x,y)  Fourier  transformation.  Also  recall  underbars  denote 
forward  (x,y)  Fourier  transformation.  The  general  formal  solution  of  Eq.  (5)  is, 


Tl1  (2  g"  e’8'a°))  +  T"1  T2  T'1  (fJ  (2  g"  e  ”  ’°))  +  ... 
The  evaluation  of  Eq.  (6)  requires  initially  the  inversion  of 
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where  E0  and  R0  eatisfy  Eq .  (2).  Physically,  Eq.  (7)  ignores  the  height  effect  e  °, 

this  being  accounted  for  in  the  subsequent  terras  in  Eq.  (6). 


When  Eq.  (2)  is  inserted  into  Eq.  (7)  then  the  result  may  be  written  in  two 
forms ; 
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In  Eq.  (8)  we  have  set  a  »  1/n^  to  conform  with  established  notation.  The  vector 
projection  operators, 

N  Pxy  (E)  «  n  n  •  Fxy  (?) 

*  Kl  (I)  *  (i)  “  5  pxJ  & 

A  ♦  -1 

may  now  be  defined,  where  n  Is  the  outward  unit  normal  to  the  surface.  Applying  N  ?xy 
to  Eq.  (8a)  and  T  Pxy  to  Eq.  (8b)  results  in  the  two  independent,  but  coupled, 
equations, 

5  "  I"''  *no+  5  V  [f-fe  ^(Inl  Q  ^  i*  ("1  -  A))n|2  ^0>  ] 

0  3  0  (9a) 

*  - 1"|2  ?  vttrrkr  <v'"'  <<»  - *  (ni- A)  ill&J- 

(9b) 

If  tho  "good"  conducting  assumptions  U0  +  jkni  ~  jknj  and  jk(a]-  a)  -  jkn^  are  made  Eq. 
(9h)  may  be  written  as 

Jknj.  |n| 2  Bto  ~  ?  P;y  (2U0  g  e~Z_U°  -  (jn|  E*0)).  (10) 

When  Eq.  { 10)  is  substituted  into  Eq.  (9a)  and  the  result  simplified  the  following 
equation  relates  the  normal  component  of  the  surface  field  EJJ0  and  the  source, 

,  +  , 2  +  a  -1  r  n  n  •  v,y  (|S|  En+0)  ,  x  *  "  *  ’>**  , 

|n|  Eno  +  n  •  Pxy  [ - g-Tjw - 5  =  "  *  pxy  I - - ]' 

(11) 

If  we  now  accept  the  asymptotic  expression 

-1  i  “JkP 

pxy  — Hr?)  ~  P(p)  a3 — 

xy  uo  +  J*14  2*p 

where  P  is  the  8-mmerfeld  attenuation  function  and  p  «  (x2+  y2)1/2  is  the  plane  polar 
distance  variable,  then  Eq.  (li)  takes  the  form, 

B"° +  7A  * (" 3  *  Vi"1  Eno)x;  p<p>  si~£) 

|n| 

a  .  .  _i  +«-  _*-ti  -jkp 

=  -\.(l!n‘  pxy(2UoBs  e  °)  *  p<P>  *-=-)  .  (12) 

,  +  ,2  Q—  xy  2xp 

|n| 

where  *  denotes  two  dimensional  (x,y)  convolution. 

*y 

3.  QPA3I-TIME  DOMAIN  EQUATION  (TIME  PULSB  RADAR) 

We  now  wish  to  interpret  Eq.  (12)  in  a  time  domain  sonse,  in  particular,  for  time 
pulsed  ground  wave  radars  in  which  periodio  (assumed  long  compared  w.  ,h  propagation 
times),  single  frequency  (say  w0)  dominated  pulses  are  transmitted.  We  assume  that  the 
following  iB  valid: 

1)  the  surface,  hence  n,  n  etc.,  is  considered  time  invariant  (slowly  varying  with 
respect  to  propagation  times,  significant  changes  occurring  only  between  pulses); 
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2)  the  surface  la  relaxed  before  exoitation,  which  la  aa suited  to  ooour  at  t  »  0  for 
eaoh  pulse  by  time  shifting!  this  requires 

I+  (x,y,t)  «  h(t>  B+  (x,y ,t) , 


where  h(t)  is  the  Heaviside  or  unit  step  function; 

-l  -Jkp  ,  .  . 

3)  K  (P(p)  *- - )  ~  P(p)  SU  -  j/bJ  . 

*  2*P  2*p 

It  is  understood  that  the  attenuation  function  F  is  now  evaluated  at  »  »  uQ,  where 
u0  is  the  doainant  pulse  frequency-  o  is  the  vaouua  velocity  of  light-  S(t)  la 
the  Dirao  delta  function.  This  assumption  neglects  the  natural  transient  effects 
of  the  surface.  An  lnproveaent  on  this  may  be  found  in  Walsh  [6]. 

A  sore  detailed  discussion  of  these  assumptions  la  available  In  Srivastava's  thesis 


By  using  the  above  Eq.  (12)  nay  be  rewritten  as, 

A 

“no-x>y>*)  +  •  ^  -  -  i-  ..  -  txj.  vl„|  x,ng 


+  -{H  *  t"  "  *  "*xv  (l»l  *no(x»y**))  x*t  F(p) 


|J1|2 


I  *i  2 

n 


'xy 

-1 


[n  S  •  F^t  (2U0  Eg  e~Z  \  *  F(p)  , 


xyt 


2a  p 


(13) 


where  denotes  three  dimensional  (x,y,t)  convolution.  By  changing  variables  and 
carrying  out  the  t  convolution  on  the  left  hand  side  of  Eq.  (13)  an  equation  equivalent 
to  Eq.  (13)  is, 


[_S_ 

l^lz 


-A  A 

•  (n  n 


ea  ( I n I  n  ny  (u,v)))  E*0(u,v,  t-t’) 

I n |  »uv  •  n  n  (u, v ) )  En0(u,v,  t-t'))}j  dsa  fit' 

?xvt  (2«o  ®s  e~Z  U°)  *  p(p)  OO 


where,  u  =  x  +  ct'  cos  9a,  v  =  y 


+  ct'  sin  9 


'  A  A  », 

uv  *  "  "  =  6^ 


a  it 

(nx  n)  +  (ny  $)  ,  nx 


A  A  A 

=  x  •  n,  ny  =  y 


"  ,  ®no  ( t )  =  <Q(t 


Equation  (14)  is  clearly  a  Volterra  type  Integral  equation,  hence,  some  confidence  may 
be  had  in  a  Neumann  series  or  successive  approximations  type  solution.  The  smoothness 
of  the  kernel  is  not  evident  for  a  surface  such  as  the  ocean,  however,  even  in  this 
case,  a  generalized  function  or  distribution  interpretation  should  be  possible.  Eq. 
(14)  also  implies  the  Volterra  nature  of  the  more  general  Eq.  (5)  when  interpreted  as 
above . 


4.  BAC;C3CATTERED  SURFACE  FIELD  FOR  THE  OCEAN  SUBFACE 

The  ocean  surface,  z  »  f(*ty,t),  may  be  described  by  a  three  dimensional  Fourier 
aeries  in  the  sense  of  Rice  [1]  and  Barrick  [2]  with  random  Fornier  coefficients; 


f(*.y,t) 


„  |  ,  pm,n,A  a*P  [ J (mN*  +  nNy  +  AWt)] 

m  f  n  |  *  *  ' 


(15) 


where  N  is  the  fundamental  wave  number  and  W  la  the  fundamental  frequency.  The  symbol 
I  indioates  a  triple  summation  over  the  Integers  m,n  and  A  from  -«  to  ».  The  mean 
nf  n,  i 

level  of  the  surface  is  taken  to  he  the  i  =  0  plane*  Assuming  ocean  waves  are* 
atatlstioally,  spatially  homogeneous  and  temporally  stationary,  the  following  ensemble 
average  may  be  defined  I  4 , 5 J 


<  fra,n,A  pp,q,i  > 


'h2W(2x)_:5  3(mN,  nN,  AW)  ,  p  »  m,  q  ■  n,  i  =  A 

0  ,  otherwise 
L 
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where  tne  asterisk  (*)  u  a  euperscript  denotes  the  ooeplex  conjugate.  3(mH.  nit,  *¥) 
■ay  be  referred  to  ae  a  thraa  dlaanalonal  wuveheight  apeotrum.  It  la  ^yoaatrlo  In  tha 
aanaa  that  S(*H,  nH,  tW)  «  3(-aX,  -nil,  -l¥).  Considering  only  daap  water  ooean  gravity 
waves,  In  tha  Halt  3  and  ¥  ♦  0,  tha  thraa  dlaanalonal  apaotrua  aay  ha  raduoad  to  a 
non-ayaaatrlo  two  dlaanalonal  or  dlraotlonal  vavahalght  apaotrua  aa  [5] 

3(K,0)  .  m[3(K)  «{0  +  (g  K)1/2}  +  3(-K)  4{o  -  (g  K)l/2}]  (16) 


♦  /V 

where  K  «  Kx  x  +  Ky  y  la  tha  ocaan  vavanuabar  vector  with  magnitude  K  and  Q  la  tha 
frequency.  g  la  acceleration  due  to  gravity.  Proa  these  spectra  tha  mean  square 
2 

surfaoe  displacement  (h  )  may  be  given  as 


h2  «  <  f2  (x,y,t)  >  -  -i-  III  S(K,  Q)  dQ  dK,  dKx 
8*’  Kx  Ky  0 

•  -i-  II  3(K)  dK„  dK_  .  (17) 

4*2  Kx  Ky  y 

Using  the  series  solution  presented  In  Valsh  and  Srlvastava  [5J,  the  first  and 
ssoond-ordar  approximations  of  the  vartloal  component  of  the  backacattered  surface 
field  for  the  above  ocean  surfaoe  model  have  been  derived.  The  mathematical  details 
may  be  found  in  [4]  and  [5].  The  source  assumed  is  an  elementary  vertical  electric 
dipole  located  close  to  the  surface  along  the  s-axia.  It  is  excited  by  a  pulsed 
sinusoidal  current  of  peak  value  IQ  and  frequency  uQ  with  pulse  Juration  vQ.  The 

expression  for  the  first-order  backacattered  surface  field,  Eay,  Is  as  follows; 


B.fO’o*  V) 


2Ve- 

(2«Pq)3/2 


E  2m,n,l  ro  (f-o'^a^  8r(4B)  tKm^ 

ra,n ,  t 


•  (K.-  k0)  Sa[4p  (K.  -  2k0)3  exptJtPoK.  +  *¥f  -  *)]  (18) 

where 

1^  -  ttN  X  +  nN  y,  Kffl  *  |Kj,  ♦  »  ten  1  (fl)  ,  3a(x)  >  Bln  *  (19) 


Ca  «  (-J  120  wk0)  is  the  dipole  constant  for  the  transmitting  antenna  with  k0  »  «D/c  as 

the  transmitted  wavenumber.  gr(o)  represents  the  free  space  field  or  voltage  gain  of 
the  receiving  antenna  in  a  direction  8  in  aalmuth  with  x-axls  taken  as  the  reference. 
t0  Is  the  time  delay  between  transmitted  and  received  signals.  This  field  is  received 
from  an  angular  section  of  a  olroular  annulus  of  the  surface  looated  at  a  radial 
distance  p0  »  ot./2  from  the  antenna.  The  radial  width  of  the  angular  ssotlon  is  2a.  » 
c*0/2.  The  angular  width  equals  the  beam  width  of  the  reoeiving  antenna.  Por  M 

omnidirectional  reoeptlon,  the  first  order  scattering  region  is  the  complete  annulus. 

If  tho  reoeiving  antenna  is  narrow  beam,  the  angular  section  reduces  to  a  patoh  [5). 

The  variable  t'  In  Eq.  (18)  refers  to  tne  temporal  variation  of  the  surface  and  hence 
the  temporal  variation  of  the  received  field  from  ons  pulse  to  another  for  a  fixed  t0. 

The  funotion  P3(p0,  8)  in  Eq.  (18)  la  the  same  as  the  Sommerfeld  attenuation 
function  except  the  numerical  dlatano*  contains  A0(b)  instead  of  the  normalised  surface 
impedance  1.  A0(e)  is  an  average  modified  surface  impedance  and  it  takes  into  accouit 

the  surfaoe  roughness  also.  It  is  dependent  on  the  direction  of  propagation  8  as  the 
surfaoe  roughness  may  r.ct  necessarily  he  the  same  in  all  directions.  The  expression 
may  be  given  as  [5], 


*„(•>  - . ♦  ii - .  iM-vr!'-1- 


S’  Kx  Ky 


dU 


+  ^  K2  sin  ?♦  sin  28}]  [3(K)  +  S(-K)]  dKy  dKx 


where 


K«  Kx  x  +  Ky  y  ,  K  «  |K|  ,  ♦  -  tan  1  (yl) 

Kx 

J-  |K2  +  2k  K  ooBU-e)}1/2  ,  oos  (4-8)  <  - 
ko  2ka 

-  |K2  +  2k0K  oos(4-e)|1^2  ,  cos  (*-e)  >  - 


(20) 


(21  ’ 


By  using  a  surfaoe  wave  formulation  In  Rloe’e  [l]  perturbation  technique,  Barriok  [  '] 
has  derived  an  expression  for  the  average  modified  surfaoe  impedanoe.  The  above 


ftpreeelon  appears  somewhat  different  whan  o  os  pared  with  hi*  expression.  However,  Dews 
6]  hu  computed  the  eurfaoe  impedance  using  both  expressions  for  different  laa 
oondltlons  and  at  different  frequencies  and  food  numertoal  agreement  la  fount . 


In  ordar  to  uaa  tha  relatively  alaplar  and  morw  transparent  aolutlon  (Ivan  by  Sq . 
(14),  thrn  tha  previous  aarlaa  aolutlon  (Ivan  In  [3]  an  expression  for  tha  first-order 
baoksoattered  aurfaoa  flald  haa  baan  raoantly  darlvad,  using  tha  aaaa  aouroa.  Tha 
field  darlvad  In  thla  way  la  danotad  aa  . 

«if(t».V)  .  - >2(P0)  t  8r<».>  (V1'2 

(2vo0)3/Z  a.n.l 

•  (Vko>  3*t4p  (V2ko>)  •*PlJ(PoKa  ♦  m’  - 


‘  *  K.<Vh0>  tX.i  u.i.v  VP‘B-,*A-1 

*  Pu,v,v  t^^a»p  4  (ku2  "  ko  "  ktt)  +  (km— p  *  ku )  (kp-u  •  Ktt)]) 


whara 


(22) 


*U  ■  UH  x  MI  j  ,  Ku  -  |KU|  ,  KP  -  pH  x  +  qH  y  ,  Kp  -  |K„| 

*m-p  -  *«  -  *p  •  Kp-u  *  *p  -  K  (23) 

Whan  ooaparing  Bqs.  (20)  and  (22),  tha  two  results  appsar  to  bo  somewhat  different. 

The  attenuation  function  In  Sq.  (20)  contains  the  notified  surface  lapedanoe  &Q  whereas 
It  oontalns  A  in  Sq.  (22).  On  the  otherhand  there  Is  a  third  order  oorreotlon  to  the 
first  order  field  In  Eq.  (22)  whereas  no  such  oorreotlon  Is  there  in  Sq.  (20).  It  la 
suspeoted  that  the  ahange  in  tha  first  order  field  oaused  indirectly  by  tha  modified 
aurfaoa  lapedanoe  in  Sq.  (20)  Is  equivalent  to  aoae  extant  to  that  produced  by  tha 
third  order  effeat  In  Eq.  (22).  However,  this  requires  further  Investigation. 


The  aaoo'id-order  baoksoattered  aurfaoa  field  derived  from  the  aeries  solution 
in  [3] 


given  in  [3]  consists  of  three  parts, 

^ae^o1^'^  “  ^esl^o'*1 )  +  *«a2(to,t' )  *  kae3(  ^o*^*^ 

Tha  corraaponding  axpraaalona  are  aa  follows  [5]; 

*eel("o.t')  -  (  ‘^/p  p,5,i  B,St*  ?P.1.i  P«-p,n-q,l-i  6r(*.) 

0  (m.n)«<0,0) 

•  P02  (p0-*a^  3a[Ap(K11-2k0)]  axp[j(p0K.  +  IWt'  -  *)  ] 


(- 


Q(n,n,p,q,a.) 


(K«(k2_p  -  K.  •  K-^p))1/2 
2cato 


+  H(n,n,l,p,q,i)  (KB-k0)  (K,)1/2] 


(24) 


Kt8p(t0.f)  .  — ~ ~ f/j  p^.i  ?P.<l.i  P*-p,r.-q,l-i  «r(*p)  po  <Po*V 

0  (m,n)v(0,0) 

•  3a[  Ap(Kp-2k0)  ]  exp[j(p0Kp  +  IWf  -  1)]  - - 


lKP<Ka-p  +  •  K„_p)}l/2 


(25) 


(26) 


WV*’) 


p.q.i  a,n,l 
(m,n)*(0,0) 


PP.q.i 


* 

pn-p,n-q,».-i  !  po(rb>l,'b+9) 

-« 


*  ?j(ro'+o+9+1<)  po(ra'9+*)  8  (8)  Sa[fip{«((l0,a0,9)  -  2k0}  ] 


•  »Ip[3P0t(po'ao*9' 1  exp[j(A»t'  +  *  eig  *)]  - fllauiuujiiA) — __  de  (27) 

*  (l+ooBhI0) | det  Al1'2 

where  the  restriction  (n.n)  *  (0,0)  means  the  auaaatlon  indices  a  and  n  oannot  be 

simultaneously  equal  tc  earn.  ♦,  and  4p  are  the  dlreotiona  of  the  wavenumber  vectors 
K,  and  Kp  .  Ka_p  and  *a_p  are  the  magnitude  and  direction  respectively  of  K  .  Other 
functions  and  symbols  are  defined  below.  y 
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Q(a,n,p,q,e)  -  (poose  +  qsine)  [ (m+p) (k0cose  -  mN)  +  (n+q)  (kosln0  -  nN))  N2k0 


-  (P2+q2)  [m(kocoa0  ••  mS)  +  n(’-  -Tine  -  nH)] 


2  2 

H(m,n,Jl,p,q,i)  *  [Kp  -t  Kn_p  +  (K.JCB_p  -  Kp  .  KB_p)  {  — — ® - -■-)  ( 


2  I  P  a“P  '  “  "P  '  ",0-P'  *g  Kj,  -  *V'  '  l(  A-i  )W2 


)] 

(28) 


Sp0 


(1  +  coahp0) 


p£j(coshpQ  t  cosa0) 

.  *b  = 

tan”^- 

(1  +  coshp0) 

pn(coshpn  -  cosa0) 

rfi  — 

tan-^ 

(1  +  coshp0) 

*  v  c 

coahpncose0  +  1 


aoshP0coa'i0  -  1 

d(p,a,0)  =  ( l  +  ioahij  [2Kp00S(*p-e)  +  Kn-p  8inhp  alna  sin(*m_p-9) 
+  Km_p  (l  +  coshp  coa«)  ooa(*B_p-e)] 


(29) 


det  A  and  sig  A  are  the  determinant  and  signature  of  the  matrix  A,  where  A  Is  given 
as 


alt 

9P2 

spsu 


alt_ 

9aS0 

lL 

.2 


da^ 


(50) 


Both  det  A  and  aig  A  should  be  evaluated  at  0  =  p0  and  n  =  aQ.  0O  la  the  solution  of 
the  equation, 

(31) 


where 


a^cosh^p  +  a2co8hP  +  a-j  =  0  , 
e 

ax  =  4  Kp2  cos2(ep-9)  +  4:cp  K„_p  ooa(*p-9)  coe(*n_p-0)  +  |2 
a2  =  “2  K2.p  8ln2(eB.p  -  9) 


a3  = 


aln 


?^m-p  -  9>  (Km-p  +  al  -  I2)  - 


(32) 


such  that  pQ  la  real,  non-ssero  and  it  satisfies  the  following  equation, 

[2KpC0s(*p  -  9)  +  Kn_p  cos(*B_p-  0)]  cos(*n_p-  0)  coshp0  [1  +  tanh2P0 

j  /2 

•  tan2(*n_p  -  0)]  '  =  Km_p  sgni0otan(*B_p  -  9))  [sin2Um_p  -  0)  +  coshpj.  (33) 

sgr.(x)  is  the  sign  function  defined  as 
1  ,  x  >  0 
-1  ,  x  <  0  . 

Having  obtained  P0,  «0  may  be  derived  from 


agn(x)  = 


(34) 


tan«0  =  tanhp0  tan(*m_p  -  0)  (35) 

such  that  0  <  aQ  <  it.  It  may  be  seen  that  P0  and  a0  are  functions  of  wavenumber 
♦  ♦ 

veotors  Km,  Kp  and  the  Integration  variable  0. 

The  first  part  (Eza^)  represents  the  case  where  the  two  scatterings  occur  on  the 

angular  section  of  the  annulus  defined  by  the  first-order  scattering.  This  part  also 
includes  the  se~ond  order  hydrodynamic  term  derived  by  Webei  and  Barrlok  [9],  which  is 
represented  by  t  i  function  H  in  Eq.  (25).  The  second  part  (EZB2)  represents  the  case 
where  a  first  scattering  occurs  at  the  source  point  and  the  second  scattering  occurs  on 
the  angular  section,  lastly,  the  third  part  (Ezs3)  represents  the  case  where  the  two 
scatterings  occur  otf  the  annulus,  rj,  is  the  distance  between  the  source  and  a  first 
scattering  point.  r0  Is  the  distance  between  the  first  and  a  second  scattering  points. 
ra  represents  the  dlstanoe  between  the  second  scattering  point  and  the  receiving  (or 
souroe)  point.  The  corresponding  three  directions  measured  with  respect  to  the  x-axls 
are  (4^  +  0),  (<t>c  ,  9  +  *)  and  (0  +  it).  It  should  be  mentioned  that  Eqs.  (25)  to  (27) 
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are  valid  provided  the  raspaotlva  square  root  term  in  the  denominator  is  not  zero. 
However,  these  expressions  are  used  In  deriving  the  cross  section  with  due  regard  to 
the  regions  of  their  validity. 

Thus  It  nay  be  seen  that  for  a  given  time  delay  S0  between  transmitted  and 
received  signals,  the  first-order  field  Is  received  from  an  angular  section  of  the 
surface.  On  the  other  hand  the  second-order  field  la  received  from  the  angular  section 
as  well  as  from  other  regions  of  the  surface,  all  arriving  at  the  same  time.  The 
additional  two  second-order  parts  (Esa2  and  $zgj)  may  be  viewed  as  the  effect  of 

interaction  of  the  source  with  the  surrounding  surface  and  the  multipathing  effect 
respectively. 


5.  BACKSCATTBRBD  RADAR  CROSS  SECTION 

In  deriving  an  average  backscattered  ground  wave  radar  cross  seotion  for  the  model 
of  the  ocean  surface  it  in  assumed:  (1)  the  three  parts  of  the  second-order  field 
given  above  are  uncorrelated,  (11)  the  probability  distribution  of  the  surface 
displacement  is  Oaussian  with  zero  mean.  In  this  event  cross  power  spectra  are  zero 
and  hence  the  average  power  spectrum  of  the  received  signal  may  be  given  as 

Pr(ug)  =  Pf(wa)  *  pai(wd)  +  ps2(“d)  +  pe5(“d)*  (56) 

where  ua  >  (u  -  u0)  is  the  Doppler  frequency.  Pj  is  the  first-order  spectrum 
corresponding  to  first-order  field  (E2p).  Pai,  P02  and  Paj  are  the  three  partB  of  the 
oecond-order  spectrum  corresponding  to  the  three  parts  ol  the  second-order  field. 

For  convenience  we  introduce  the  standard  radar  range  equation  for  the  average 
backscattered  power  spectrum  (Frp)  received  from  a  small  patch  of  the  ocean  surface 

located  at  a  distance  p0  in  a  direction  0O  [2,5], 

2 

Prp(“d)  =  |f  |4  0p£ua)  (w/h.)  (57) 

(4*Pp3 

where  Pt  is  the  average  transmitted  power.  O^p  and  Grp  are  the  free  apace  power  gains 
of  transmitting  and  receiving  antennas  in  the  direction  0O.  xQ  Is  the  radar 
wavelength.  Fp  «  Fo(p0,  90)  la  the  one  way  ground  wave  attenuation  function  between 
the  radar  and  the  patch.  0p("d)  is  the  average  Doppler  frequency  dependent 

backscattered  cross-section  (spectrum  in  m2/Hz)  of  the  patch.  Also, 

°p  =  ^  J  °p("d)  a“d  (“2)  (58) 

o 

where  op  Is  the  backscattered  cross  section  of  the  patch  for  ground  wave  radars. 

Although  the  backscattered  signal  for  a  narrow  or  wide  beam  receiving  antenna  is  not 
just  received  from  the  patch  only,  we  may  treat  it  sb  if  it  was  for  determining  the 
cross  section.  In  other  words  both  first-  and  second-order  scattering  regions  may  be 
taken  equivalent  to  the  patch  for  this  purpose.  In  this  sense  we  may  say  Pp(«a)  = 

Prp(wd).  This  in  turn  implies  from  Eq.  (56) 

®p(“d)  *  °f(ua)  +  asl(ud)  +  as2(wd)  +  <’s3(“d^  (59) 

where  is  the  first-order  cross  section.  oa^,  os2  and  cg-j  are  the  respective  three 
parts  of  the  second-order  cross  seotion.  These  cross  sections  have  been  derived  in 
[5].  The  results  are  presented  here. 


Flret-Order 

The  first-order  cross  section  may  be  given  as 

1 5  M2  2 


of(wd)  = 


a*a  *0 


l“dl 


lppl4  °rp  *  ?5(e 2-  9l)  8 


-  k0)2  Sa  [A.  (^  .  2k  )] 


/  2  5r(*)  |P0  (p0,  *)|4  9(-2v2  sgn(v)  k0)  d* 


(40) 


where  v  =  w,j/wB  •  wB  =  (2gk0)^2  is  the  well  known  Bragg  frequency  [2].  k„  =  kQ 
cos*  x  +  kQ  sin*  y  is  the  incident  radar  wavenumber  vector.  Aa  =  2p0Ap(92-  s^)  is  the 
area  of  the  angular  section  responsible  for  first-order  scattering.  3r(*)  is  the  free 
spaoe  power  gain  of  the  receiving  antenna  with  0a  <  *  <  92.  The  angular  range  of  the 
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reoeive  bean  in  arbitrarily  taken  from  8q  to  ©2.  Assuming  a  large  Ap,  the  Unit  of  the 

squared  sampling  funotlon  [Sa2(x)]  nay  be  takan  to  be  the  Dirac  delta  function.  In 
this  event  Bq.  (40)  reduces  to 


t  d>  lppl4  ®rp  <e2"  el' 
where  n  *  1  and  -1  for  sunnation. 


0i ) 


I 

m=il 


«(U|1+  BuE) 


/°2  Or(»)  |F0(p0,*)|48(2m  k0) 
el 


d* 

(41) 


A  comparison  of  tha  above  two  equations  shows  that  Eq.  (40)  contains  two  peaks  at 
±(■>2  and  around  tiie  peaks  the  cross  seotion  is  a  continuum  but  rapidly  decaying  due  to 

the  squared  sampling  function.  Whereas  Bq.  (41)  gives  two  spikes  or  impulses  at  ±  u0. 
For  narrow  beam  reception,  0q  and  02  reduce  to  (0O-  Ae)  and  (0O+  A9),  where  0Q  ia  the 
look  direction  and  2a9  is  the  bean  width  of  the  receiving  antenna.  The  first-order 
scattering  region  then  reduces  to  the  patch.  Under  this  condition  the  integral  in  Eq. 
(4G)  or  (41)  nay  be  easily  evaluated  by  approximating  the  integrand  at  *  =  0Q. 

Proceeding  with  Eq.  (41)  the  result  would  then  be  the  sane  as  that  derived  by  Barrick 
[2]  when  interpreted  in  our  notation. 


In  deriving  Eq.  (40)  the  field  equation  used  is  (20).  If  Eq.  (22)  is  used 
Instead,  the  first-order  cross  section  (of)  is  given  as  follows; 

4(»d)  =  8  VpJ.-ll5  (Hi  -  ka)2  Sa2[  Ap  4  -  2k0)  ] 

|Fp(4  orp  n*5(e2-  0X)  «  ? 

02  * 

•  /  G_( ♦ )  8(-2vz  sgn(v)  k0)  Cz(v,*)  d* 


(42) 


where 


C(v,*)  =  1 


2*^  K '  =0  ♦— * 

K'  »  K'  cose*  x  +  K'  sin*’  y. 


/  /  K’5  3(K')  [1  +  (k2--l_)  cosz( *-♦ ' ) ]  d*'dK’ 


(43) 


v^-0.5 


If  the  effect  of  surface  roughness  on  the  attenuation  function  is  ignored  in  Eq.  (40), 
the  two  expressions  af  and  Oj  for  the  first-order  cross  section  are  the  same  except  Of 

contains  a  modifying  factor  C2(v,*).  For  estimating  its  effect  on  the  first  order 
peaks  (v  =  l),  the  integral  in  Eq.  (43)  is  evaluated  using  the  Neumann-Pierson  model 
for  one  dimensional  wavehelght  or  frequency  spectrum  [4).  The  factor  C  simplifies  to 
[l  -  CnUg“3  (x/2)3/z],  where  U  is  the  wind  speed  in  m/s  and  Cn  =  3-05  m2/s^  is  a 
constant.  At  a  typical  wind  speed  of  30  knots,  C2  gives  a  reduction  in  the  first  order 
peaks  by  0.9  dB.  Eq.  (42)  may  also  bs  reduced  in  the  form  of  (41)  containing  two 
impulses  at  tug.  In  that  case  the  factor  C2  would  give  the  reduction  in  ths  weighte  of 
delta  functions,  e.g.,  0.9  dB  at  30  knots  wind  speed. 


Second-Order 

(i)  The  firat  part  of  the  second-order  cross  seotion  may  be  given  as  [5], 


0al<“d)  = 


«Ltx. 


/  0r(*)  |F0(pt,*)|4 


I  Fp!  4  0rp  «2(92-  9q)  n,n'»±l  *=0q 

*  /  /  |Ce  +  0h|2  3(m  Kq)  S(m'K2)  «[wd-  n(g  Kq)1/2  -  m'(g  Kg)1/2]  dq  dp  d*  (44) 
p  q 

where  n  «  1,  -I  and  m'»  1,  -1  for  summation. 

Kq  -  (p  -  k0:;08*)  x  +  (q  -  k0sin*)  y, 


Kq  =  I  Kq  I 

K2  =  -(p  +  k0oos*)  x  -  (q  +  k08in*)  y,  K2  =  |k2| 
c  I  [k0  -  (p  cos*  +  q  sin*)2  -  2Kt  ■  Kg] 

0  ^  2  tfq  •  K2)l/2 


(45) 


ch  -  -  \  [Kq  *  K2  + 

m  (wjj  -  w^) 


ct  and  ch  are  the  seoond-order  electromagnetic  and  hydrodynamic  contributions, 
respectively.  The  part  containing  CBin  Eq.  (44)  is  valid  provided  C#  is  not  singular. 
This  singularity  corresponds  to  the  squar»  root  term  in  the  denominator  becoming  zero 
in  the  field  expression  (25). 

(ii)  The  seoond  part  of  the  seoord-ordvr  cross  section  may  be  giver,  as  [?], 


•».2<*d)  -  — T“ =“5*  —  =  /  ar(4)  |F0(p0.4>!4 

I Pp | 4  0rp  »2(e2-'  0X>  m,m'=±l  4*0q 

•  f  j  llH}  . +  -  S(m  Kq)  S(2m'k0)  4[uj  +  *(g  Kj)1^  +  m'ujj]  dq  dp  d*  (46) 

P  <1  |(KX  +  2K)  •  %| 


Kq  ■  p  x  +  q  y,  Ki  “  I Ki*  ,  k0  »  k0  cos*  x  +  k0sin4  y.  (4 

Again,  Eq.  (46)  is  valid  provided  the  integrand  is  not  singular.  This  singularity 
corresponds  to  the  square  root  term  in  the  denominator  beooming  zero  in  the  field 
expression  (26). 

(ill)  The  third  fart  of  the  second-order  oross  section  is  as  follows  [5]: 


"fl)  «- — - - *  1  )  l V,',V|  urv«  ;j 

|Pp|*  Oj.p  x^(02"  0q)  0«©q  O**0q 

•  *  -  *  *  ,  ,  , 

*  /  II  I  1 J  (rt8,  ^bs1'  ®>  ?0  (rbB-  ♦be  +  0  )  po  (rcs-  "'os+  0  +  *) 

Ki*0  *.»2«0  ♦2“** 

*  ^o^cs*  4*06 *  ®  +  *)  » raov  ®  +  rae »  ^9  ^2  (^9"  2k0)] 

r  .  ,,  •xpUp^V*  ?•;  *  )  i  (sig  A„-  sig  A.j)]  *  ♦ 

•  Sa[ Ap(tB-  2k0)  ]  - - - f— - 77775-  «{»  »*>  S(.'K2) 

(1  +  corhPa)  (l  +  onshPr)  'net  As  det  A,!1'2 

•  +  m(g  Kj ) 1  ^2  +  ra'(g  X2) 1  /2]  d*2  4K~  d4i  dKq  do’  do  (4« 


*a  Po  4= 


I  J  [<»-(•)  or(e')3  ' 


A 

IX  * 

+  Kiy  y- 

Kq  -  |Kq!, 

♦l  * 

tan"1  (Kly/Klx) 

A 

2x  * 

+  K2y  y, 

k2  -  |k2|. 

♦2 

*  'K2y'K2x 

(49) 


Other  symbols  and  functions  may  be  defined  with  the  help  of  Bqe.  (28)  to  (35) 
associated  with  the  corresponding  field  expression  (27)  by  first  substituting  Ku-  PN, 
Kly  -  qN,  K2x  “  (n-p)S  and  K2y  ■  (n-q)N  in  those  equations.  rbB,  rCB,  raB,  *bB,  *0B, 
Q8,  lB,  sig  Aa,  det  Ag,  pB  and  a„  are  then,  respectively,  equivalent  to  rb,  rc,  rn,  4b, 
40,  Q,  5,  sig  A,  det  A,  0O  and  aQ  appearing  In  Eq.  (27).  By  replacing  e  with  0'  we 
similarly  obtain  rbB,  rjB,  raB,  4bB,  4pB,  QB,  CB,  sig  AB,  det  AB,  dB  and  a'a.  Again, 

Eq.  (48)  is  valid  provided  the  Integrand  is  not  singular.  The  singularity  corresponds 
to  the  square  root  term  in  the  denominator  becoming  zero  in  the  field  equation  (27). 


The  equations  (44),  (46)  and  (46)  thus  represent  three  parts  of  the  eecond-order 
Doppler  frequency  dependent  backscattered  oross  section  of  the  ocean  surface.  The 
expressions  are  applicable  to  any  receiving  antenna  configuration,  e.g.,  narrow  beam  or 
wide  beam.  The  transmitting  antenna  1b  assumed  to  be  omnidirectional.  It  may  be  again 
mentioned  that  strictly  speaking  these  three  equations  do  not  represent  the 
seaond-order  crocs  section  of  the  patch.  However,  they  have  been  derived  as  if  the 
total  scattering  region  is  equivalent  to  the  patoh  in  the  sense  Pr(vi4)  =  Prp(i)(j).  On 

the  other  hand  oBl  represents  the  case  where  both  first  and  second  scatterings  occur  on 
the  angular  section  of  the  circular  annulus.  The  section  whloh  ie  also  the  scattering 
region  for  the  first-order  is  bounded  by  (p0-  Ap)  <  p  <  (pQ+  Ap)  and  ©-,<  e  <  e2. 

cs2  represents  the  case  where  the  first  scattering  occurs  at  the  source  point  and  the 
seoond  scattering  falls  on  the  angular  section.  aBj  represents  the  case  where  the  two 
scatterings  occur  off  the  angular  section. 


Consider  now  the  case  of  narrow  beam  reception.  The  angular  section  reduces  to 
the  patch  with  0^  =  (O0-  A0)  and  02  =  (90  +  A0),  where  eQ  is  the  look  direction.  Under 
this  oonditlon,  the  4  Integral  in  Eqs.  (44)  and  (46)  may  be  easily  evaluated  by 
approximating  the  integrand  at  4  *  0„.  A  problem  remains  with  oB^.  An  inspection  of 
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Eq.  (48)  shows  that  ths  approximation  0  ■  0'  «  e0  in  the  integrand  may  not  be  justified 
due  to  the  highly  oscillatory  exponential  taro  present  in  the  Integrand.  However,  we 
nay  approximate  08,  a8,  tB  and  «,  it  8  «  9'  «  e0and  then  perform  the  stationary  phase 
integrations  with  respect  to  9  and  S'  ■‘■reati/ig  p0ae  the  large  parameter.  This 
approximation  for  08  to  «8  simplifies  the  solution  for  stationary  points  with  respect 
to  0  and  9*.  As  a  result  the  arguments  of  the  two  sampling  functions  beoome  equal. 
Assuming  a  large  Ap  the  limit  of  the  squared  sampling  funotton  may  then  be  taken  as  the 
Dirac  delta  function.  In  this  way  the  number  of  integrals  in  Eq.  (48)  nay  be  reduced 
significantly  and  thus  provide  a  relatively  easy  computation  of  a as  given  in  [10]. 


For  the  above  narrow  beam  conditions,  Barriek  [2]  (also  [ll])  has  previously 
derived  an  expression  for  the  second-order  cross  section  using  a  different  technique. 
His  cross  seotlon  result  corresponds  to  oe^ .  A  comparison  of  our  result  for  o0l  with 
that  derived  by  Barriek  shows  that  both  solutions  are  the  same  except  for  one 
differenoe.  In  his  result,  when  interpreted  in  our  notation,  the  denominator  for  Ce 

contains  [(Kj*  K2)^^  t  k0A*]  instead  of  ( K^*  Kg)1  2,  where  A*  is  the  complex  conjugate 


of  the  normalised  surface  Impedance.  Since  |k.A#|  ig  very  small  for  the  ocean  surface 
at  HP  or  lower  radio  frequencies,  the  effeot  or  (k0A  )  on  Ca  is  negligible  except  when 

(Ki»  K2)l/2  Is  almost  zero.  But  then  our  result  is  not  valid  when  (K^  K2)  »  0  as 
mentioned  before.  A  new  analytic  estimate  of  oal  shows  no  such  singularity.  However, 
the  expression  is  not  given  here  baouase  of  its  complexity.  Hence  it  may  be  said  that 
the  apparent  singularity  in  the  present  oal  is  the  result  of  the  approximate 


integration  technique.  A  plane  wave  incidence  1j  ueed  in  Barriek's  analysis  which 
accounts  for  the  double  scattering  ooourlng  on  ths  patch  only  and  hence  his  result  does 
not  contain  the  two  additional  seoond-order  crose  section  terms,  ca2  and  agj.  In  the 


present  work  a  pulsed  dipole  souroe  is  ueed  whloh  dose  not  limit  the  scattering  region 
to  the  patch  only.  A  discussion  on  the  additional  sscond-order  cross  section  terms  is 
given  in  Srivastava  and  Walsh  [12,13]. 


To  show  the  individual  effects  of  the  three  parte  of  the  second-order  cross 
section  some  examples  have  been  presented  here.  Por  computational  ease,  especially  for 
a85,  only  narrow  beam  reception  is  considered.  Aleo,  for  computational  purposes  a  is 
used  instead  of  the  modified  surface  impedance  (A0)  for  evaluating  the  attenuation 
functions  in  a8j.  The  ooeanographla  model  used  for  the  directional  wave  height 
spectrum  is  the  Plereon-Hoekowltz  frequenoy  spectrum  with  a  cardloid  directional 
distribution  [4].  Figure  2  shows  the  individual  spectrum  of  crsl,  ag2  and  o8j 

normalized  to  the  patch  area  for  a  10  MHz  radar  frequenoy  and  figure  3  at  25.1  MHz. 

The  wind  velocity  is  assumed  to  be  30  knots  at  45*  with  reference  to  the  direction  of 
the  patch.  Figures  4  and  5  show  similar  plots  at  90*  wind  condition  (cross  wind).  Hot 
shown  in  ths  ploto  are  the  two  first-order  peaks  at  ±wB,  whloh  lie  in  the  null  regions 

of  oa1 .  It  may  be  mentioned  that  these  plots  are  baaed  on  the  assumption  that  the  sea 

is  fully  developed  in  the  total  scattering  region  including  the  region  surrounding  the 
radar,  a.g. ,  a  ship  or  an  offehore  platform  baaed  radar. 

The  shape  of  the  seoond-order  spectrum  given  by  t>al  is  well  known  [2,11].  The 
epeotrum  of  ag2  is  produced  by  all  ooean  waves  present  at  the  transmitting  antenna  but 
by  only  two  waves  on  the  patch,  with  wavenumbers  2k0,  one  moving  towards  and  the  other 
away  from  radar.  The  resulting  spectrum  has  a  much  slower  cutoff  than  that  of  oal.  It 
has  peak#  at  zero  Doppler  and  at  u<j*  t  2uB.  A  etudy  of  Eq.  (46)  shows  that  these  peaks 

may  be  viewed  ae  a  repeated  first-order  phenomenon,  first  at  the  souroe,  then  on  the 
patch.  Figures  6  and  7  show  Doppler  speotra  measured  by  Barrlok  [14]  in  the  North  flea 
with  an  offshore  platform  based  radar  operating  at  25,4  MHz.  The  second-order  peaks 
predicted  by  oa2  are  clearly  present  in  the  measured  spectra  in  addition  to  the 
standard  peaks  produced  by  oa^  and  the  two  first-order  peaks.  Referring  again  to 
figures  2  to  5  the  spectrum  of  oaj  is  now  considered.  The  opeotrum  ie  signif ioantly 
lower  than  that  of  oaj  at  all  Dopplers  except  at  =  0  and  near  ± 2 5/4  Ub,  but  not  at 

(oorner  reflector  point).  In  theee  regions  it  is  higher  than  or  comparable  to 
oal.  Based  on  the  plots  it  may  be  inferred  that  the  oont-ibution  to  the  seoond-order 
oroes  section  by  oa2  is  very  significant  around  zero  Doppler  and  in  the  region  | |  > 
?3/4  j|,8  contribution  of  aaj  Is  small  in  comparison  to  oa^  plus  oa2  except  near 

i2 ii>j.  Aleo,  the  Doppler  regione  near  ±  u>B,  whioh  are  commonly  used  for  estimating 

ocean  wave  parameters  [ll],  are  relatively  unaffected  by  the  additional  terms. 
Therefore,  in  these  regions  the  second-order  crose  section  may  he  adequately  described 
by  o8l  alone.  On  the  other  hand  in  target  detection  ag2  and  a8j  nay  be  very  important 
in  modelling  the  contending  ooean  olutter  when  the  target  Doppler  frequenoy  is  around 
zero  (for  sea  ioe,  ioebergB  and  ships)  or  greater  than  2^/^w3  (for  ships). 
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Consideration  le  now  given  to  land  based  radars.  In  this  ease  the  antennas  are 
generally  located  on  the  beaoh  or  near  the  shore.  ag2  nay  not  be  wholly  present  in 

this  case.  Also,  a  reduotlon  In  agj  nay  be  expected  as  It  does  not  account  for  any 
scattering  occurring  on  the  land.  Mo  change  nay  be  expeoted  In  oa^.  Figure  8  shows 
spectra  of  eajand  og-j  for  such  a  condition  at  10  HHe  and  figure  9  at  25.4  MHz.  The 
wind  veloolty  le  taken  as  30  knots  at  45*.  The  shore  line  required  for  o8j  la  asauned 
to  be  perpendioular  to  the  look  dlreotlon.  Conpared  to  ca^,  o8 5  is  only  effeotlve  near 
| ud |  «  23/4  ug,  xf  there  is  a  part  of  the  sea  behind  the  radar,  ag^  nay  be  significant 

at  zero  Doppler  also.  It  nay  toe  mentioned  that  another  additional  term  in  the 
second-order  scattering  has  recently  emerged  from  the  analysis  with  sole  contribution 
at  the  zero  Doppler  frequency.  This  contribution  Is  presently  under  investigation. 


6.  C0NCIUSI0N3 


A  formulation  for  electromagnetic  propagation  and  scattering  from  rough  surfaces 
has  been  presented  by  the  authors  elsewhere  [3].  It  consists  of  a  vector  Integral 
equation  In  the  spatial  and  temporal  Fourier  transform  donain  sons  properties  of  which 
are  discussed  in  this  paper.  It  la  shown  that  under  certain  conditions  the  equation 
nay  be  effectively  reduced  to  a  single  scalar  integral  equation  for  the  normal 
component  of  the  surface  electric  field.  Further,  when  interpreted  in  the  time  domain 
for  an  initially  unexcited  surface,  the  integral  equation  la  a  Volterra  equation  of  the 
second  kind.  This  immediately  provides  a  basis  for  convergence  when  solving  the 
equation  In  th9  form  of  a  Neumann  series  or  successive  approximation  solution  for  a 
time  pulsed  source.  Hence,  some  confidence  may  be  had  in  the  Neumann  series  solution 
generated  in  [3]  for  periodic  surfaces. 

As  an  application  of  the  series  solution  in  ground  wave  remote  sensing  in  an  ocean 
environment,  first-  and  second-order  expressions  of  the  surface  electric  field  for  a 
model  of  the  ocean  surface  are  derived  [4,5].  The  source  assumed  1b  a  vertical  pulsed 
electric  dipole  located  close  to  the  surface.  The  choice  of  receiving  antenna  is  kept 
open,  e.g.  a  wide  beam  or  narrow  beam.  Using  the  field  results,  the  two  orders  of  the 
average  Doppler  frequency  dependent  backscattered  cross  section  are  obtained  [5].  In 
order  to  demonstrate  the  relatively  simpler  solution  given  by  Eq.  (14)  than  the 
previous  series  solution  used  in  [4]  and  [5]  an  expression  for  the  first-order  field 
and  the  corresponding  cross  section  solution  are  derived.  It  is  interesting  to  note 
that  the  result  derived  this  way  estimates  a  slightly  lower  first-order  cross  seotion 
than  predicted  by  the  well  known  expression  [2,11].  The  reduction  is  due  to 
interaction  of  primary  scattering  ocean  waves  with  other  ocean  waves.  This  may  be 
interpreted  as  a  reduction  In  the  coherency  of  return  from  the  primary  waves.  If  the 
effect  of  surface  roughness  on  the  attenuation  function  Is  ignored,  a  reduction  in  the 
first-order  peaks  by  about  1  dB  at  30  knots  wind  speed  may  toe  expected. 

The  second-order  cross  section  consists  of  three  parts,  osl,  ag2  and  ag-j, 
corresponding  to  three  parts  of  the  second-order  field.  The  first  part  a0l  is 
equivalent  to  the  well  known  second-order  cross  section  [2,11].  The  additional  two 
parts  may  be  viewed  as  the  effect  of  interaction  of  the  source  with  the  surrounding 
surface  and  multipathing  effect  on  radar  return  respectively.  The  second  part  ag2 
gives  peaks  at  zero  Doppler  and  at  ±2<>>B,  where  wB  is  the  Bragg  frequency.  These  peaks 
may  be  viewed  as  a  repeated  first-order  phenomenon,  first  at  the  source,  then  on  the 
patoh.  This  part  also  causes  a  slower  cutoff  of  the  total  second-order  spectrum.  The 
contribution  from  the  third  part  agj  is  effective  only  at  zero  Doppler  and  at 

frequencies  near  ±2^/4^,  The  Doppler  regions  near  ±u>B,  which  are  commonly  used  for 

estimating  ocean  wave  parameters  [ll],  are  relatively  unaffected  by  the  additional 
terms.  Therefore,  the  Beoond-order  cross  section  may  toe  adequately  described  by  o8l 

for  this  purpose.  On  the  other  hand  ag2  and  o8j  may  be  very  important  in  modelling  the 
contending  ocean  clutter  in  target  detection  when  the  target  Doppler  frequency  is 
around  zero  or  greater  than  23/^uB. 

It  may  be  mentioned  that  the  above  second-order  discussion  is  based  on  the 
assumption  that  sea  1s  fully  developed  in  the  scattering  region  including  the  region 
si  r rounding  the  radar,  e.g.,  a  ship  or  an  offshore  platform  based  radar.  The 
seoond-order  peaks  predicted  by  ag2  have  been  clearly  observed  in  the  Doppler  spectra 

measured  by  fearriek  [14]  in  the  North  Sea  with  an  offshore  platform  based  radar.  In 
oaso  the  radar  is  located  on  the  beach  or  near  the  shore,  oap  may  not  be  wholly 
preaeni).  Compared  to  o8x,  o8j  is  only  effective  at  frequencies  near  However, 

depending  upon  the  coastal  topography  if  there  is  a  part  of  the  sea  behind  the  radar 
o8j  may  be  significant  at  the  zero  Doppler  frequenoy  also.  Thus,  this  analysis 

constitutes  a  more  complete  model  for  the  ground  wave  radar  return  from  the  ocean 
sur'.’aoe. 
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Figs.  6  and  7.  Measured  backacattered  power  spectrum  with  an  offshore  platform 
based  radar  operating  at  25.4  MHz  (from  flarrick  [14]). 


o 

o 


o 


si 


(WORM  rHEO-10.0  KHz 


o 


si 


M0RR  FREB-25.  4  MHz 


Fig.  8 


Fig.  9 


Figs.  8  and  9.  Two  parts  of  the  second-order  backscattered  cross  section 
(spectrum)  of  the  ocean  surface  patch  normalized  to  its  area  at  different 
radar  frequencies  for  omnidirectional  transmission  and  narrow  beam  reception 
(land  based  condition) . 
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SUMMARY 

The  possibility  to  detect  tropospheric  ducts  above  the  sea  through  airborne  wave-tilt  measurements 
is  investigated  in  this  work.  Sea  roughness  and  tropospheric  refractivity  anomalies  associated  with  the 
presence  of  ducts  are  incorporated  in  an  iterative  procedure  resulting  in  wave-tilt  versus  frequency 
diagrams  at  seme  altitude  above  sea  level.  In  general,  the  diagram  corresponding  to  ducting  conditions 
appears  shifted  by  if  with  respect  to  the  diagram  of  the  standard  troposphere.  This  frequency  shift  is 
rather  insensitive  to  variations  of  sea  state,  duct  thickness  and  optimum  coupling  height.  It  is  though 
strongly  dependent  on  duct  intensity  AM.  The  diagram  if  vs.  AM  is  not  far  from  linear  in  the  VHF  band  thus 
offering  itself  for  AM  estimation  through  Af  measurements . 


LIST  OF  SYMBOLS 

a  (m)  :  earth's  radius 

f  (Hz)  :  frequency  of  electromagnetic  wave 

e,  (F/m)  :  dielectric  constant  of  free-space  (»8.B54»10  ) 

o  !mhos/m)  :  conductivity  of  sea  water  (-4) 

N  (N-units)  :  refractivity  of  troposphere 

M  (M-units)  :  modified  refractivity  of  troposphere 

D  (m)  :  duct  thickness 

h  (m)  :  optimum  coupling  height 

AHprM-units)  :  duct  intensity 

h  (m)  :  height  ibove  sea  level 

Af  (Hz)  :  frequency  shift 

A  :  normalized  surface  impedance 

A  :  normalized  effective  surface  impedance 

AtnT  :  normalized  surface  impedance  at  height  h  above  sea  level 

A(0)  :  normalized  surface  impedance  at  sea  level 

w  :  wave-tilt  of  vertically  polarized  electromagnetic  wave 

W(p,q)  :  roughness  spectrum 


1.  INTROLUCTION 

Electromagnetic  groundwaves  present  a  forward  tilt  strongly  depending  on  the  electrical  properties 
of  the  underlying  medium.  This  dependency  originates  from  the  relationship  between  wave-tilt  and  the 
surface  impedance  of  the  guiding  interface  [1].  So  far,  the  wave- tilt  probing  method  has  been  applied  to 
infer  the  electrical  properties  of  the  uppermost  ground  [2-4].  Potential  airborne  cave-tilt  measurement 
systems  for  rapid  geophysical  prospecting  of  extended  areas  are  discussed  in  [5]. 

Other  factors  controlling  the  surface  impedance  of  the  guiding  interface  (e.g.  roughness)  might  be 
sensed  from  wave-tilt  measurements.  The  possibility  to  apply  the  wave-tilt  probing  method  for  sea  state 
estimation  was  indicated  in  [6]  through  a  theoretical  model  accounting  for  both  sea  roughness  [7,8]  and 
vertical  refractivity  inhomogeneity  in  the  lower  troposphere.  However,  a  standard  vertical  profile  for  the 
refractivity  (i.e.  dN/dh«-40  N-units/km)  was  only  considered,  because  interest  was  focused  on  the 
relationship  between  sea  state  and  wave-tilt.  The  upper  boundary  of  a  tropospheric  slab  overlying  a  rough 
sea  surface  was  identified  as  the  guiding  interface.  Since  wave- tilt  is  sensitive  to  any  anomalies  of  the 
electrical  properties  beneath  the  elevated  guiding  interface,  tropospheric  ducts  might  be  detected  through 
airborne  wave-tilt  measurements,  if  only  ducts  are  below  flight  level.  Wave-tilt  calculations 
corresponding  to  standard  and  ducting  models  are  compared  in  order  to  reveal  the  expected  relationship 
between  wave-tilt  and  trapping  gradients  in  the  lower  troposphere  above  an  agitated  sea  region. 


2.  MODELING 

Grazing  incidence  of  an  electromagnetic  wave  upon  the  ground  results  in  a  Norton  surface  wave.  If 
the  guiding  interface  is  highly  conducting  (e.g.  sea  surface  up  to  VHF),  vertical  polarization  is 
favored  and  the  wave-tilt  is  equal  to  the  normalized  surface  impedance: 

W  »  A  ;  A  «  1  (1) 

The  sensitivity  of  wave-tilt  to  the  electrical  properties  of  the  underlying  homogeneous  medium  is 
explained  from  the  well-known  expression  for  the  normalized  surface  impedance: 

A  »  (l+j)(2*f  «^/2o)**  (2) 

with  t, ,  o  standing  for  the  free-space  dielectric  constant  and  the  conductivity  of  the  highly 
conducting  ground. Bq. (2)  only  holds  for  harmonic  excitation  (exp( j2ift) )  and  a  perfectly  smooth  guiding 
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in-erfece.  With  roughness  superimposed  the  gliding  Interface  presents  an  effective  normalized  surface 
impedance: 

A^  «  A  +  0.2S/JNp,q)N(P,q)dpdq  (3) 

Where  W(p,q'  is  the  spatial  wavenumber  spectrum  of  surface  roughness  and  Ftp.q)  is  a  complicated 
function  determined  in  [7,8] .  If  Eq.(3)  is  used  in  wave-tilt  calculations,  the  air-ground  interface  is  in 
effect  considered  perfectly  smooth  and  the  wave-tilt  will  be  controlled  by  both  the  electrical  propartiea 
and  surface  roughness. 

Lai  the  guiding  surface  be  the  upper  boundary  of  s  stratified  medium. In  this  case  the  normalised 
surface  impedance  is  determined  through  an  iterative  procedure  [9]  involving  all  interfaces  between 
successive  layers.  Rough  interfaces  maybe  considered  in  the  model  by  simply  applying  Eg. (3)  in  the 
iterative  procedure  f  6  J.  the  wave-tilt  is  titan  sensitive  to  the  electrical  properties,  thickness  and 
surface  roughness  of  all  layers. Yet,  electrically  thick  layers  dominate  over  thin  ones  Cl]  and  wave-tilt 
measuronents  at  multiple  ftequenclaa  are  required  U.QJ  in  order  to  estimate  the  dominant  parameters  of  the 
underlying  medium. 

The  modal  to  be  used  herein  involves  a  tropospheric  slab  of  thickness  h  overlying  an  agitated  sea 
region  (Fig.l).  Ihe  upper  boundary  of  the  tropospheric  slab  is  identified  as  the  guiding  interface  for  a 
vertically  polarised  electromagnecic  wave.  Ihe  vertical  inhomogeneity  of  refractivity  in  the  troposphere 
is  accounted  for  by  subdividing  the  tropospheric  slab  below  the  guiding  interface  into  a  number  rf  layers. 
Thin  is  a  tolerable  approximation,  if  the  layer  thickness  is  smaller  than  the  quarter  wavelength  of  the 
highest  frequency  used  Cli] .  Ihe  absence  of  conductivity  in  the  troposphere  irtplies  that  the  vertically 
inhomogenet ua  tropospheric  slab  above  the  sea  is  electrically  thin.  Ihe  underlying  half  space  having  the 
electrical  properties  of  sea  water  may  he  considered  highly  conducting  up  to  VHF  and,  the:  -fere,  it 
dominates  over  the  tropospheric  slab.  Aj  a  consequence,  the  guiding  interface  though  olevated  is  still 
highly  conducting  and  the  wave-tilt  at  grazing  incidence  may  bo  represented  by  the  normalized  surface 
inpedance  4(h)  (Fig.l).  Ihe  latter  is  determined  iteratively  starting  from  the  normalized  surface 
impedance  of  the  sea  4(0).  Ihe  sea  roughness  effect  may  be  included  in  the  expression  for  4(0)  by  applying 
Bq.(3).  For  simplicity  only  the  isotropic  Philips  spectrum  of  wind  waves  developed  on  a  relatively  open, 
deep-water  and  swell-free  sea  region  [12]  will  be  used  in  the  calculations  to  follow.  All  other  interfaces 
of  the  stratified  guiding  structure  are  considered  perfectly  smooth. 

Ihe  vertical  pt-file  of  refractivity  in  the  troposphere  may  be  either  standard  or  ducting. 
According  to  the  International  Radio  Consultive  Committee  (CCIR),  the  standard  profile  of  refractivity  in 
the  lower  troposphere  is  approximately  a  straight  line  with  N(0)»289  N-units  and  dN/dh— 40  N-units/km. 
Earth's  curvature  may  be  taken  into  account  by  introducing  the  modified  refractivity: 

Nth)  •  Nth)  +  10*(h/a)  ;  dM/dh  -  dN/dh  +  157  (4) 

where  a  is  the  earth's  radius  in  meters.  Evidently,  the  standard  profile  of  modified  refractivity  is 
also  approximately  a  straight  line  with  N(0)-N(0)  and  dM/dh-117  M-units/km.  Considering  that  ducting  only 
occurs  if  dN/dh<-157  N-units/km,  it  is  readily  realized  that  ducting  is  associated  with  negative  gradients 
along  the  modified  refractivity  profile.  Ihe  M-profiles  presented  in  Fig. 2  correspond  to  evaporation, 
surface-based  and  elevated  due to.  These  linearized  models  of  M-profiles  involve  the  parameters  D  (duct 
thickness ), 4H  (duct  intensity)  and  h  ^(optimum  coupling  height),  which  will  be  collectively  referred  to 
as  duct  characteristics.  Ihe  standard gradient  117  M-units/km  is  assumed  for  all  positive  sloped  portions 
of  the  M-profiles.  Typical  values  for  duct  characteristics  over  Greek  seas  are  used  to  determine  wave -tilt 
in  the  VHF  band  at  various  altitudes  in  the  troposphere  and  for  sea  states  1-3.  In  any  case  calculations 
are  repeated  for  the  standard  M-profile  so  that  results  for  ducting  conditions  can  be  compared  to 
corresponding  results  for  the  standard  troposphere. 


3.  NUMERICAL  RESULTS  AND  DISCUSSIONS 


The  diagrams  of  Fig. 3  correspond  to  a  simple  model  involving  an  evaporation  duct  ( D-(w,t -15m,  AM  -25 
M-units)  on  a  calm  sea  surf roe.  Ihe  wave-tilt  is  determined  well  above  the  duct  (h»50m)  throughout  the 
HF, VHF  bands.  Ihe  effect  of  sea  roi'ghnoss  is  only  temporarily  suppressed  in  favor  of  the  expected 
relationship  between  wave-tilt  and  the  crapping  gradient .The  diagrams  corresponding  to  standard  and 
ducting  conditions  are  almost  identical  in  the  HF  and  lower  VIC  bands.  However,  at  higher  frequencies  an 
increasing  frequency  shift  Af  is  gradually  introduced  between  the  diagrams.  This  effect  may  be  justified 
through  the  following  expression  for  the  period  of  wave-tilt  oscillations  with  frequency  [2,11]: 

F  -  c,/2h<2'*>:?‘  (5) 

where  <N>  is  the  average  of  the  modified  refractivity  from  sea  level  up  to  the  height  h,  the  latter 
being  measured  in  kilometers.  If  a  trapping  gradient  exists  beneath  the  elevated  guiding  interface,  <N>  is 
reduced  and,  therefore,  F  is  increased.  7hus  the  (W  vs.  f ) -diagrams  corresponding  to  standard  and  ducting 
conditions  are  shifted  apart  by  Af .  Attention  will  henceforth  be  focuced  on  the  relationship  between  this 
frequency  shift  and  duct  characteristics. 

Raising  the  guiding  interface  to  h«300m,  the  period  of  wave-tilt  oscillations  with  frequency  is 
reduced  to  F»20t*)z  and  the  maxima  of  (  |N|  vs.  f ) -diagrams  are  sharpened. Thus  4f -resolution  is  improved.  On 
the  other  hand,  thicker  evaporation  ducts  as  well  as  surface-based  ducts  might  be  considered  too. 


The  results  of  Fig. 4  reveal  that  the  frequency  shift 
clearly  dependent  on  the  duct  intensity  aM.  The  diagram  (Af  vs. 
therefore,  AH  might  be  estimated,  if  Af  were  determined  through 
remains  to  be  proved  that  the  effect  of  duct  intensity  on  wsve-ti 
effect  of  duct  thickness  and  sea  roughness. 


Af  between  standard  and  ducting  diagrams  is 
AN)  is  almost  linear  (Fig. 5)  and, 
ve-tilt  measurements.  However,  it 
as  not  masked  by  the  corresponding 


If  the  duet  thickness  D  la  varied  while  AM  ie  kept  con* t ant,  the  diagrams  of  Pig. 6  are  obtained.  On 
the  other  hand,  if  eea  naqhnasa  is  introduced  into  the  model,  both  the  standard  and  ducting  diagrams  are 
modified  as  is  shown  in  Pig. 7.  In  all  cases  the  ducting  diagrams  are  shifted  from  the  standard  ones  by  a 
more  or  lass  constant  anoint.  Hence,  the  frequency  shift  At  is  only  slightly  effect**!  by  <kact  thickness 
wd  sea  roughness.  It  should  therefore  be  primarily  attributed  to  duct  intensity.  Similar  conclusions  may 
be  drawn  from  the  diagrams  of  Figs. 8, 9  thst  correspond  to  s  surface-based  duct. 

The  (Metrical  results  presented  indicate,  that  detection  of  trapping  refractivity  gradients  above  the 
see  requires;  (i)  calculations  resulting  in  the  reference  (N  va.f) -diagram,  that  corresponds  to  the 
standard  N-profile  in  the  lower  troposphere,  and  (ii)  multifrequency  airborne  wave-tilt  measurements  in 
order  to  determine  the  actual  (H  va.f )  -diagram  that  eventually  carries  information  on  existing 
tropospheric  ducts. 

In  fact  wave-tilt  maasureamts  involve  both  amplitude  |N|  and  phase  argN  determination.  A  system 
which  can  measure  the  complex  wave-tilt  comes  to  be  rather  complicated  and  sensitive  to  errors  induced  by 
aircraft  rocking  and  wobble.  The  modified  crossed  dipoles  technique  proposed  by  King  [5]  seems  to  handle 
these  problems  at  least  in  theory  but  its  efficiency  is  not  as  yet  verified  experimentally.  The  simpler 
chase  quadrature  technique  [S]  has  bean  successfully  used  for  airborne  wave-tilt  measurements  1 10] .  the 
output  of  the  quadrature  phase  detector  (Fig. 10)  is  proportional  to  the  imaginary  part  of  the  wave-tilt 
Iwlsin(argN).  Either  | w)  or  argH  should  therefore  be  known  beforehand  in  order  to  determine  the  couple* 
wave-tilt.  In  exchange  errors  dua  to  aircraft  rocking  and  wobble  may  be  kept  low. 

Inspecting  tne  numerical  results  presented  in  Figs. 3-4, 6-9  ,  it  is  realised  that  extrema  of  (|h|  vs. 
f) -diagrams  correspond  to  roots  of  (srgtt  vs.  f) -diagram*.  If  this  property  is  taken  into  account,  the 
phase  quadrature  technique  may  be  adapted  for  wave- tilt  sounding  of  trapping  gradients  above  the  sea.  It 
is  evident  from  Eg. (5)  that  a  complete  cycle  of  wave-tilt  oscillations  with  frequency  may  be  included  in 
the  frequency  band  of  the  available  transmit ting/re waiving  devices  by  simply  Jdjisting  the  flight  height 
of  the  airborne  platform.  Once  the  height  is  determined  according  tn  this  criterion,  it  is  easy  to 
calculate  the  reference  (N  vs.  f  l-diagram.  1st  Cl  be  the  frequency  at  which  a  maximum  of  the  reference 
< | H |  vs.  f l-diagram  appears  (Fig. 10).  According  to  the  above-mentioned  property  argw  will  be  xero  at  ft. 
Hence,  if  no  duct  id  present  beneath  the  aircraft,  the  output  of  the  quadrature  phase  detector,  which 
measures  | H| sin(orgw) .  will  only  be  sero  at  the  frequencies  f,  +mF/2  ;mf  2,  where  the  extrema  of  the 
reference  diagram  appear.  On  the  other  hand,  if  a  duct  doaa  exist,  the  actual  (N  vs. f  l-diagram  will  be 
shifted  from  the  reference  diagram.  Yet,  it  is  not  necessary  to  sketch  the  actual  diagram  in  order  to 
determine  the  frequency  shift  At.  It  only  suffices  to  sweep  the  selected  band  starting  from  f, .  If  the 
quadrature  phase  detector  yields  a  sero  output  at  f ,  yf,4mI./2,  the  frequency  shift  will  obviously  be  i-f, 
and  the  corresponding  duct  intensity  may  then  bn  determined  from  the  (Af  vs.  AH) -diagram  (Fig. 5), 

The  effect  of  sea  roughness  is  accounted  for  through  Barrick's  theory  for  the  normalised  effective 
surface  impedance  of  an  agitated  sea.  Based  on  a  boundary  perturbation  technique  this  theory  is  only 
applicable  to  a  slightly  rough  and  highly  conducting  surface.  The  surface  of  the  sea  may  be  considered 
highly  conducting  throughout  the  VHF  band.  Vet,  in  the  middle  of  the  band  (»150HHx)  only  seas  up  ,o 
moderate  may  be  considered  slightly  rough.  Hence,  a  restriction  concerning  the  upper  boundary  of  the  band 
to  be  selected  for  wave-tilt  measurements  is  imposed  by  the  highest  sea  states  to  be  taken  into  account. 
On  the  other  hand, the  frequency  shift  of  the  (N  vs.  f ) -diagram  due  to  a  trapping  layer  is  only  significant 
at  high  frequencies.  A  tradeoff  between  A ‘-resolution  and  accuracy  of  sea  roughness  effect  is  therefore 
required  and  the  band  80-120  is  considered  appropriate  for  wave-tilt  sounding  of  tropospheric  ducts 
above  the  sea. 


4.  CONCLUSIONS 

The  relationship  between  wave-tilt  in  the  lower  troposphere  and  trapping  refractivity  gradients  above 
the  sea  has  been  revealed  through  numerical  calculations.  The  dominant  parameter  affecting  wave-tilt  is 
duct  intensity.  In  general  the  effect  of  ducts  on  wave-tilt  above  them  is  a  frequency  shift  of  the 
wave-tilt  versus  frequency  diagram.  This  sh.ft  is  rather  insensitive  to  variations  of  duct  thickness, 
optimum  coupling  height  and  even  sea  state.  Airborne  wave-tilt  measurements  may  reveal  the  presence  of 
tropospheric  ducts  above  the  sea,  if  the  phase  quadrature  technique  is  applied  according  to  a  certain 
procedure,  experimental  vxrrk  is  required  to  assess  the  efficiency  of  the  proposed  method. 
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Fig, 2  Vertical  profiles  of  Modified  refractivity  corresponding  to: 
(DStandard  troposphere,  (2 (Evaporation  duct,  (3)Surfaca-baaad  duct,  (4)  Elevated  duct. 
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Fig. 3  Nave-tilt  versus  frequency  in  HF.VHF  bands  at  height 
(s)St«ndard  troposphere,  (d)Evaporation  duct  (D-15m,  4M*2 


Fig *9  Wave- tilt  versus  frequency  at  height  h*300m  for: 

(s) Standard  troposphere,  (d)  Surface-based  duct  (D-l 70, 200 ,230, 260m,  h  ^  *  40m,  AM-25  M-units) 


1  :  reference 

2  :  actual 


Fig.  10  Measurement  procedure  for  the  phase  quadrature  technique. 
A  duct  is  detected  if  ^  ^  +mF/2  ;  aez. 


DISCUSSION 


H.  Vissinga,  NE 

Does  Introducing  a  nonphysical  guiding  interface  and  neglecting  the 
atmosphere  above  it  affect  your  predicted  results? 

Author's  Reply 

It  is  true  that  the  elevated  guiding  interface  is  a  fictitious  one. 
Since  the  downward-looking  surface  impedance  is  quite  small  for  the 
frequencies  considered,  an  apparent  conductivity  may  be  introduced 
and  thus  the  dielectric-coated  conductor  is  replaced  by  a  conducting 
half-space.  Furthermore,  the  surface  impedance  looking  downward  is 
quite  different  from  chat  looking  upward,  and,  therefore,  the 
elevated  Interface  may  be  used  as  a  guiding  structure  just  as  any 
other  physical  interface  that  causes  a  significant  discontinuity  of 
surface  Impedance  in  the  upward/downward  direction. 

H.  Vissinga,  NE 

Are  your  predicted  results  in  agreement  with  the  results  from  the 
theory  of  Dr.  Rotheram  for  an  exponential  atmosphere. 

Author's  Reply 

Both  Rocheram's  theory  and  the  classical  Norton's  theory  are 
macroscoplcal  views  of  the  propagation  field.  In  our  model  the 
propagation  field  Is  locally  treated  as  a  guided  (Zenneck-)  wave, 
because  the  surface  impedance  is  but  a  local  boundary  condition. 

L.B.  Felsen,  US 

As  was  pointed  out  in  earlier  discussion,  your  model  is  approximate, 
yet  you  provide  detailed  curves  with  numerical  parameters.  Have  you 
checked  the  sensitivity  of  your  results  with  respect  to  small  changes 
in  your  parameters?  If  the  results  are  strongly  model  dependent, 
they  may  not  model  reality  adequately.  Also,  are  the  phenomena 
described  by  you  actually  measurable  and  therefore  observable? 

Author '8  Reply 

This  work  has  only  established  theoretically  a  promising  relationship 
between  the  duct  intensity  and  the  wave-tilt  at  some  altitude  above 
the  sea.  The  corresponding  effect  of  other  duct  characteristics  or 
sea  roughness  on  the  wave-tilt  is  weaker  by  an  order  of  magnitude. 

The  authors  feel  that  the  phenomena  described  are  actually 
measurable.  Yet,  an  accurate  sensitivity  study  as  well  as 
experimental  work  are  required  to  prove  the  theoretical  results. 

J.H.  Richter,  US 

I  would  like  to  follow  up  on  Dr.  Felsen's  questions  and  comment  and 
ask  if  you  plan  any  experimental  verification  of  your  technique. 

Auchor'a  Reply 

A  project  on  "Tropospheric  duct  detection  through  wave-tilt 
measurements  above  the  sea"  will  probably  be  initiated  in 
collaboration  with  the  Greek  Air  Force  and  AGARD  (through  the 
support-to-nations  program). 

L.  Boithias,  FR 

Have  you  an  idea  concerning  the  feasibility  of  a  possible  utilization 
of  your  method? 


Author's  Reply 

A  sensitivity  study  should  be  the  next  step.  Yet  the  authors  can 
state  that  jrrors  due  to  platform  motion  (rocking,  wobble,  altitude 
variation,  velocity...)  will  not  be  serious  problems.  The  optimism 
is  based  on  the  fact  that  the  measurement  is  relative,  namely,  the 
ratio  of  electric  field  components  should  be  determined,  and 
therefore  some  errors  might  be  finally  eliminated.  The  success  of 
the  proposed  detection  method  will  depend  on  the  accuracy  of  sea 
roughness/surface  refractlvlty  data  to  be  used  for  the  calculation  of 
the  standard  wave-tilt  versus  frequency  diagram. 
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SUMMARY 

This  paper  sunmarises  a  series  of  measurements  which  were  aimed  at  studying  the 
phenomenon  of  multipath  resulting  from  line  of  sight,  two  way,  microwave  propagation 
over  the  sea  surface.  It  has  been  observed  that  the  expected  lobing  structure,  due  to 
the  interference  of  the  direct  and  reflected  signals  is  destroyed  when  the  sea  surface 
becomes  sufficiently  rough,  suggesting  the  coherent  part  of  the  forward  scattered  sea 
reflection  to  be  sero.  Further,  it  has  been  observed  that  although  the  pulse  by  pulse 
fluctuations  show  deep  fading  characteristics  they  may  be  modelled  by  the  "Rice-squared" 
distribution.  However,  it  has  been  found  that  care  must  be  taken  in  choosing  the 
duration  of  the  measurement  when  evaluating  the  statistical  properties  of  the  data. 

LIST  OF  SYMBOLS 

h  -  RMS  water  surface  fluctuations  (m) 

♦  »  Grazing  angle  (rads) 

1  a  Transmitted  wavelength  (m) 
pc  «  Coherent  reflection  coefficient 
Pj  ”  Incoherent  reflection  coefficient 
INTRODUCTION 

When  a  radar  target  is  situated  close  to  the  surface  of  the  sea  there  are  two 
illumination  paths  from  the  radar  to  the  target,  one  is  the  direct  signal  between  the 
radar  and  the  target  the  other  is  a  signal  reflected  from  the  surface  of  the  sea.  These 
two  signals  sum  constructively  or  destructively  so  that  the  energy  illuminating  the 
target  may  be  increased  or  decreased  as  compared  with  free  space  propagation.  An 
example  of  the  geometry  used  is  shown  in  figure  1.  The  multipath  phenomenon  is  again 
present  on  the  reciprocal  path  so  that  target  backscatter  characteristics  may  exhibit  an 
enhanced  or  reduced  mean  echoing  area  which  also  fluctuates  as  the  motion  and  roughness 
of  the  sea  surface  change  the  forward  scatter  vector.  An  additional  facet  of  target 
behaviour  is  a  dynamic  multipath  "error"  in  tracking  caused  by  resultant  perturbations 
in  the  received  wavefront.  The  degradation  in  radar  performance  may  be  considered,  in 
simple  terms,  as  a  result  of  reflections  causing  both  the  real  target  and  its  image  to 
be  detected  with  the  consequence  of  erratic  tracking  between  the  two.  In  order  for  the 
performance  of  radar  to  be  assessed  in  these  conditions  we  require  a  thorough 
understanding  of  multipath  and  forward  scattering  from  the  sea  surface. 

The  field  incident  on  a  target  from  an  electro-magnetic  wave  scattered  by  the  rough 
sea  surface  is  the  vector  sum  of  wavelets  with  phases  perturbed  by  the  sea  height 
roughness.  These  perturbations  increase  with  the  standard  deviation  of  waveheight  and 
decrease  with  electro-magnetic  wavelength  and  incident  grazing  angle.  From  a  knowledge 
of  the  amplitude  and  phase  statistics  of  the  contributing  wavelets  it  is  possible  to 
evaluate  the  statistical  properties  of  the  total  forward  scattered  wave  and  thereby  the 
statistical  properties  of  the  multipath  return. 

It  has  been  suggested  [1,2]  that  the  forward  reflected  signal  may  be  described  in 
terms  of  coherent  and  incoherent  reflection  coefficients.  The  coherent  coefficient  is 
the  mean  of  the  field  (expressed  as  a  proportion  of  the  direct  signal)  and  the 
Incoherent  coefficient  is  the  root  mean  square  amplitude  of  the  deviation  of  the  field 
about  the  mean. 

The  terms  specular  and  diffuse,  although  commonly  used,  are  not  employed  here  as 
they  make  assumptions  that  the  coherent  term  results  from  specular  reflection,  whilst 
the  incoherent  term  results  only  from  non-specular  scattering,  our  terminology  also 
removes  confusion  introduced  by  fluctuations  in  the  "specular"  term  [3,  Chapter  12). 
While  the  sea  state  and  waveheight  remain  unchanged,  the  coherent  coefficient  is 
constant  by  definition. 

If  we  consider  electro-magnetic  wave  scattering  from  a  surface  with  many 
independent  height  variations  then  the  simplest  assumption  is  that  incoherent  term  will 
be  Rayleigh  distributed  with  phase  varying  uniformly  between  4  and  2*  [3J.  Therefore, 
having  defined  the  coherent  term  bo  be  a  constant  vector  one  would  expect  the  Rice 
distribution  to  describe  the  amplitude  received  at  the  target  and,  assuming  reciprocity 
to  hold,  a  "Rice-squared"  distribution  at  the  receiver  for  our  two  way  geometry.  Using 
these  concepts  we  examine  the  experimental  evidence  to  determine  the  statistical 
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properties  of  electro-magnetic  wav*  scattering  in  a  dynamic  multipath  environment 
resulting  from  propagation  over  th*  sea  surface. 

EXPERIMENTATION 

To  investigate  th*  phenomenon  of  forward  scattering  and  multipath  propagation  in  a 
controlled  way,  a  series  of  experiments  have  been  conducted  in  open  sea  conditions,  to 
include  the  presence  of  large  wavelength  swell.  Measurements  have  been  mad*  of  radar 
backacatter  from  a  corner  reflector  of  known  free  apace  echoing  area  positioned  at 
various  heights  above  th*  sea  surface.  (In  this  way  th*  forward  scattering  le  examined 
under  relatively  controlled  conditions.)  The  radar  is  located  at  a  clifftop  fixed  ait* 
at  a  height  of  approximately  80  m  looking  across  open  sea  to  the  corner  reflector. 
Analysis  of  th*  recorded  backecatter  is  based  on  th*  assumption  that  the  measured 
amplitudes  are  proportional  to  the  square  of  amplitude  for  on*  way  propagation,  th* 
former  resulting  from  th*  combined  multipath  of  the  reciprocal  paths.  The  experimental  , 
configuration  is  shown  in  figure  1.  The  radar  is  an  1-band  (9.5  -  10  GUt)  pulsed  device 
with  a  ch^rp  compressed  pulsewidth  of  28  ns  (4.2  m  range  resolution)  and  a  pencil 
beauwidth  of  1.2*.  it  can  measure  in  either  Horisontal  or  Vertical  polarisation  modes, 
has  frequency  agility  and  th*  ability  to  record  rang*  profiles  on  a  pulse  by  puls* 
basis,  a  number  of  measurements  have  been  made  over  a  period  of  approximately  three 
years  to  obtain  data  resulting  from  a  variety  of  environmental  conditions,  samples  of 
this  data  base  are  utilised  here  in  order  to  investigate  further  th*  characteristics  of 
multipath. 

ANAYLSIS 

Figure  3  shows  a  received  amplitude  time  history  of  approximately  9  mins,  from  a 
measurement  made  over  a  calm  sea.  Each  point  is  the  average  of  one  second  of  data  (PRF 
■  1  kHx).  During  this  measurement  the  corner  reflector  was  slowly  raised  and  lowered  at 
a  constant  rate  thus  giving  rise  to  the  \obing  structure  due  to  the  interference  of  the 
direct  and  reflected  signals.  From  this  plot  it  may  be  deduced  that  the  coherent  term 
Pc  is  close  to  unity  owing  to  the  deep  nulls  in  the  lobing  structure.  The  non-coherent 
term  p j  is  small  although  not  insignificant,  and  is  due  to  the  many  small  but  random, 
phase  shifts  introduced  by  the  surface  roughness. 

In  contrast  figure  4  shows  a  similar  plot  for  a  rougher  sea  state.  It  may  be 
observed  that  there  is  now  no  discernable  lobing  structure,  which  should  appear  on  the 
same  time  scale  as  figure  3.  This  suggests  that  the  coherent  term  is  close  to  tero. 
Figure  5  again  shows  a  similar  measurement  made  with  a  rough  sea  where  the  corner 
reflector  has  been  held  at  a  constant  position  with  respect  to  the  mean  sea  level 
(assuming  this  to  be  constant  for  the  observation  period).  In  figure  6  a  sample  of  this 
data  is  presented  on  a  pulse  by  pulse  basis  for  a  time  history  of  approximately  5 
seconds. 

The  normalised  third  and  fourth  moments  are  evaluated  and  plotted  on  a  graph  of  the 
theoretically  derived  Rice-squared  moments  versus  ‘noise  to  signal*  as  in  figure  7.  The 
first  moment  is  used  for  normal istion  and  the  second  moment  to  evaluate  the  ‘noise  to 
signal*  ratio  in  the  Ricean  distribution.  It  is  found  they  are  in  excellent  agreement 
with  those  predicted.  Further,  if  the  coherent  term  is  assumed  to  be  xero,  the  square- 
root  of  the  Horixontal  axis  yields  the  incoherent  term.  Before  the  interpretation  of 
this  value  is  considered  for  the  rough  sea  case,  the  effect  of  duration  of  the 
observation  period  is  examined.  Figure  7  also  shows  the  evaluated  moments  for  differing 
lengths  of  observation  time.  This  suggests  a  minimum  time  of  approximately  30  seconds 
in  order  to  accurately  evaluate  moments.  The  reason  for  this  may  be  the  presence  of 
long  wavelength  structure  in  the  sea  surface  which  results  in  a  modulation  of  the 
received  signal.  Using  the  method  described  in  the  introduction  we  may  define  a 
coherent  signal  of  constant  amplitude  and  phase  and  a  fluctuating  incoherent  term.  If 
the  incoherent  scattering  obeys  the  central  limit  theorem  this  will  lead  to  the  Rice 
squared  distribution  that  has  been  observed.  In  calculating  the  sea  roughness  the 
effects  of  swell  must  be  included,  sb  this  may  result  in  no  lobing  structure  even  on 
days  when  the  average  wind  speed  would  suggest  the  sea  to  be  calm. 

For  the  case  under  consideration  the  value  of  the  incoherent  component  is  0.29 
suggesting  a  peak  to  trough  wave  height  of  approximately  1.65  m.  (see  figure  2)  and  a 
negligible  coherent  term.  It  should  be  pointed  out  that  although  the  wave  height  was 
not  measured,  visual  observations  and  measurements  of  the  average  wind  speed  would 
suggest  that  this  value  for  the  peak-trough  wave  height  is  somewhat  high.  It  is 
envisaged  that  future  measurements  will  be  made  with  a  wavebouy  present. 

Figure  7  also  shows  the  points  plotted  for  a  calm  sea  case  where  the  roughness 
parameter  has  been  estimated  from  wavebouy  measurements  to  be  47  and  the  value  of  the 
incoherent  component  is  0.16  which  is  in  very  good  agreement  with  figure  2. 

Thus  in  conclusion  it  has  been  demonstrated  that,  in  measurements  reported  here,  the 
Rice  model  for  forward  propagation  provides  an  excellent  fit  to  experimental 
observations  provided  that  the  measurement  is  made  over  a  sufficient  duration  to  include 
low  frequency  components  that  may  be  present  in  the  sea  surface.  In  this  way  the 
reflected  signal  is  made  up  of  a  constant  coherent  signal  and  a  Rayleigh  distributed 
incoherent  signal.  Further  any  correlation  properties  of  the  forward  scatter  will  be 
associated  with  the  Rayleigh  term  and  may  easily  be  built  into  a  statistical  model  for  a 
radar  target  at  low  altitudes  over  the  sea  surface.  Tho  importance  of  the  effects  of 
large  scale  structure  in  the  sea  surface  on  the  resulting  multipath  lobing  structure  has 


•lao  been  diionitrttM  and  it  ia  auggeated  that  two  relatively  aiailar  aaa  atataa  can 
raault  in  vary  different  multipath  propertiea,  with  awell  daatroylng  tha  multipath 
lobing  pattarn  by  incraaaing  tha  total  roughnaaa  ot  tha  aaa  aurface. 
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DISCUSSION 


L.  Bolthias,  FR 

Could  you  give  additional  Information  concerning  the  possible 
Influence  of  the  target  characteristics  on  the  results:  size, 
stability  with  wind,  etc.? 

Author's  Reply 

The  target  had  a  free  space  value  of  30  dB/a.  It  is  secured  to  the 
support  structure  in  such  a  way  that  there  Is  negligible  aotlou  with 
wi.nd.  Also,  when  being  raised  and  lowered,  we  found  no  evidence  of 
vibration,  etc.  I  would  point  out,  however,  that  the  orientation  of 
the  target  has  to  be  chosen  carefully  to  avoid  blstatlc  scatter  by 
the  reflector. 

C.  Goutelard,  FR 

F.ngllsh  translation 

You  made  sure  that  the  first  Fresnel  tone  was  sufficiently  free  of 
littoral  coasts?  When  the  sea  Is  agitated,  the  contribution  from 
outside  the  first  Fresnel  zone  is  not  negligible.  Isn't  this 
extension  of  the  first  FreBnel  *on°  too  close  to  the  coast? 

Author's  Reply 

During  ray  presentation,  I  stated  that  it  wasn't  clear  as  to  the 
dominant  scattering  zone.  This  is  an  area  of  debate.  On  average,  it 
night  be  argued  that  the  first  Fresnel  zone  Is  the  dominant 
contributor  to  the  resultant  perturbation  in  the  reflected  wave 
front.  It  might  also  be  argued  that  the  surface  roughness  destroys 
the  phase  relationship  necessary  to  satisfy  the  Fresnel  zone  ideas. 

C.  Goutelard,  FR 

English  translation 

You  said  that  you  tried  to  measure  the  effects  of  multipath  In  deep 
sea  on  radar  detection  in  the  I  band.  How  did  you  ensure  yourself 
that  your  experimental  conditions  were  representative?  The  proximity 
of  the  coast  may  enhance  the  Rice  character  of  the  model  that  you 
measured. 

Author's  Reply 

The  experimental  conditions  were  such  that  the  free  space  echoing 
area  of  the  cornet  reflector  needed  to  provide  our  backscatter  signal 
was  sufficiently  large  to  provide  a  large  enough  dynamic  range 
between  the  target  and  the  background  (plus  target  support  structure) 
so  that  the  effects  of  the  interference  between  the  free  space  and 
reflected  wave  fronts  could  always  be  observed. 

The  Rice  model  was  actually  proposed  by  Beard  and  Katz,  we  simply 
examined  the  single  point  statistical  fit  of  our  data  tu  that 
description  and  found  It  to  be  in  excellent  agreement. 
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SUMMARY 


During  the  1984  autumn,  a  meosurement  campaign  of  the  propagation  of  electromagnetic  waves  at  36  GHz 
has  been  led  on  the  French  Atlantic  coast,  near  Lorlent. 

The  length  of  the  link  between  the  transmitting  site,  located  on  the  Isle  of  GROIX  and  the  receiving 
site  at  GAVRES,  was  9.7  km. 

Owning  to  the  small  height  of  the  antennas,  a  part  of  the  emitted  energy  was  reflected  by  the  sea 
surface.  At  the  reception  point,  the  fields  coherent  interference  produced  by  the  direct  and  reflected 
radiations,  gave  a  signal  varying  periodically  with  the  Influence  of  tides. 

In  order  to  study  the  specular  reflection  phenomena  over  the  sea,  specific  measurements  have  been 
made  with  the  help  of  an  elevator.  It  allowed  tne  height  of  the  receiving  antenna  to  change  on  a  distance 
of  about  5  meters,  maintaining  that  way,  at  the  same  time,  steady  environment  conditions. 

Thanks  to  this  device,  the  forward  specular  reflection  coefficient,  at  a  frequency  of  36  GHz  could 
then  be  determined.  The  measurements  which  have  been  made,  proved  the  good  agreement  between  them  and  the 
Miller  and  al.  theory,  especially  in  case  of  strong  roughness. 

Following  these  results,  a  model  of  propagation  based  on  the  specular  reflection  has  been  developped 
to  be  then  compared  with  the  measurements.  In  some  particular  meteorological  situations.  It  can  be  observed 
a  distortion  of  the  Interference  figures  owing  to  variations  of  the  atmospheric  structure. 


RESUME 


Durant  1'automne  1984,  une  campagne  de  mesure  de  la  propagation  des  ondes  eiectromagnetlques  i  36  GHz 
a  ttt  men#e  sur  la  c6te  atlantlque  frangalse,  pr#s  de  la  vllle  de  LORIENT. 

La  longueur  de  la  liaison  entre  le  site  d'emlsslon,  situ#  sur  1 1  Tie  de  GROIX,  et  le  site  de  r#cept1on 
4  GAVRES  *ta1t  de  9,7  km. 

Du  fait  de  la  falble  hauteur  des  antennes,  une  partle  de  l'eneryle  fimlse  #tait  r#fl#ch1e  par  la  surface 
de  la  mer.  A  la  rtceptlon,  1 ' 1nterf#ren;e  coh#rente  des  champs  dus  aix  rayonnements  direct  et  r#fl#ch1, 
procuralt  un  signal  variant.  p#r1nd1quement  en  fonctlon  de  la  mar#e. 

Afln  d'etudler  les  ph#nom#nes  de  reflexion  spficulalre  sur  la  mer,  des  mesures  spkclflques  ont  #t# 

entreprlses  avec  un  #l#vateur.  II  pemettalt  de  falre  varler,  sur  environ  5  m#tres,  la  hauteur  de  l'antenne 

r#ceptr1ce  tout  en  conservant  des  conditions  d'envlronnement  stables  pendant  ce  temps. 

Grice  S  ce  dlsposltlf  le  coefficient  de  reflexion  sp#cula1re  vers  l'avant,  a  la  frequence  de  36  GHz,  a 

pu  etre  determine.  Les  mesures  effectives  ont  montr#  la  bonne  concordance  existant  entre  elles  et  la  theorle 
de  Miller  and  al.,  en  particular  pour  des  rugosltes  fortes. 

A  la  suite  de  ces  rdsultats,  un  roodeie  de  propagation  bas#  sur  la  reflexion  spdculalre  a  et#  developp# 
et  confront#  avec  les  mesures.  II  apparalt,  dans  certalnes  sltuatiors  meteorologlques  partlculieres,  une 
deformation  des  figures  d' Interferences  due  aux  variations  de  la  structure  atmosph#r1que. 
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Etude  expErimentale  et  modElisation 
du  phEnomEne  de  REFLEXION  sur  la  her 
A  36  GHZ 


1  -  INTRODUCTION 

Afln  dVcroltre  les  performances  de:  systiraes  d#  telecommunication,  d»  detection  et  de  guldtge, 

1i  propegat-'un  des  ondes  millimAtrlques  dans  1 'atmosphere  i  fait  l'objet,  c«s  deux  demitres  dicennles, 
d'une  recherche  soutenue. 

Dens  ce  cadre,  diffArentes  experiences  de  propagation  1  basse  altitude  ont  AtA  condultes,  y  compris 
en  ambiance  maritime  [1],  [2J,  [3],  [4], 

Elies  mettent  toutes  en  evidence,  un  certain  nombre  de  perturbations,  au  niveau  : 

-  de  la  troposphere  (en  raison  da  1'absorptlon  des  gaz  composant  1 'atmosphere  et  des  varia¬ 
tions  a  petite  ou  i  grande  echelle  de  1* Indice  de  refraction  de  l'alr) 

-  de  la  surface  de  la  mer  (4  cause  du  phAnomAne  de  reflexion) 

Pour  ccmplfeter  ces  connalssances,  une  sArle  d ‘experiences*  4  la  frequence  de  36  GHz,  a  tte  menAe 
sur  la  cdte  atl antique  frangalse. 

Ces  experimentations  ont,  entre  autre,  permis  d'etudler  la  reflexion  vers  l'avant  dc  la  surface 
de  la  mer 

Elies  ont  aussl  permis  1e  recuell  de  phenomenes  anormaux  de  propagation  d'origine  atmospherlque. 


2  -  presentation  gEnErale  DE  EXPERIMENTATION 
2.1.  CADRE  GENERAL 

A  1  'initiative  du  sous-groupe  propagation  de  VAC  243,  commission  111,  RSG.8  :  "Application 
des  ondes  mllllmetrlques",  une  campagne  d'etude  de  la  propagation  des  ondes  milllmetriques  s'est  dAroulAe 
sur  une  pbriode  de  trois  mois,  d'octobre  84  4  Janvier  85,  sur  la  c6te  sud  de  la  BRETAGNE,  pres  de  'a 
vllle  de  LORI ENT. 

Le  trajet  de  propagation,  entiArement  au-dessus  de  la  mer,  s'effectuait  sur  une  longueur  de 

9,7  km. 

Le  site  d'Amission  (lie  de  GROIX)  etait  place  4  48,2  m,  par  rapport  au  niveau  zero  des 
cartes  marines,  tandis  qve  la  position  du  rAcepteur  (presqu'tle  de  GAVRES),  dans  sa  configuration  la 
plus  basse,  etait  4  10,5  m  par  rapport  4  cette  m6me  reference. 

Dans  cette  region,  la  maree  est  de  type  semi-diurne.  Elle  varie  de  fagon  quasiment  sinu- 

soTdale. 


2.2.  LE  FAISCEAU  HERT2IEN  F0NCT10NNANT  A  36  GHz 


Durant  cntte  campagne,  le  CELAR  a  mis  en  oeuvre  un  faisceau  hertzien  T.F.H.  720  fonctionnant 

4  36  GHz. 


Ce  materiel,  fabriquA  par  THOMSON-CSF,  se  caracterlse  par  des  antennes  de  type  CASSEGRAIN 
de  42  dB  de  gain  et  d'ouverture  4  3  dB  1,5'. 

La  polarisation  du  champ  Amis  est  linbalre,  orientAe  4  45°  par  rapport  au  plan  horizontal. 

La  dynamlque  du  rAcepteur  est  d'envlron  60  dB. 

Pour  Atudler  les  variations  de  champ  Alectrlque,  la  tension  de  contrflle  automatlque  de  gain 
(C.A.G.)  du  rAcepteur  Atalt  echantlllonnAe  4  la  cadence  de  1  Hz.  Elle  etait  ensuite  numArisAe  et 
stockAe  sur  bande  magnAtique,  Gr4ce  a  une  courbe  d'Atalonnage,  ces  'tensions  Ataient  alors  transposAes 
en  niveaux  de  champ. 


,t  Cette  sArle  d1 experiences  a  Ate  soutenue  financierement  par  le  service  technique  des  tAlAf.oumuni 
cations  et  des  Aquipsnents  aAronautiques  (STTE). 
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2.3.  l£S  NATERiaS  COHPLEHENTAIRES 

2.3.1.  t!S.iBtt£$ilt.<jt.K!i!£t!-9SHSttCiB!!l9¥!!.St.fitt9!3l<>9i9¥S! 

Afln  de  connaltre  I'agltatlon  d*  It  Mr,  unt  bout*  de  Msure  des  vagues  etalt 
moulllte  1  proxlmlti  dt  la  ton*  de  r*tiex1on.  A  partir  d'un  traltmaent  effectut  sur  Its  hauteurs 
InstantanMs  du  niveau  d«  U  Mr,  enreglstrAes  sur  10  minutes,  It  boute  fournlssalt  toutes  Its  dernl- 
hturts  It  htuttur  significative  dts  vtguts  (H  1/3). 

Les  htutturs  moyennes  du  nlvttu  dt  It  iser  ttilent  Msurtes  toutes  Its  heurts  i 
PORT-TUOY  (lit  dt  GROIX),  situ*  I  quelques  Mlomttres  dt  It  zone  dt  reflexion. 

Unt  stttlon  mtttorologlque  fonctlonntlt  i  ttrre  it  dtllvralt  toutes  Its  6  minutes 
Its  prlntlptux  ptrtMtres  cltsslquts. 


2.3.2. 

its  rtcepteurs  de  toutes  Its  lltlsons  mlses  en  oeuvre  durant  eette  campnone  ttilent 
raontts  sur  un  eitvateur. 

Cet  tltviteur,  d'une  course  de  4,8  m,  oermettalt  de  slmuler  It  variation  de  la  hauteur 
de  la  i*.ree  dans  un  temps  sufflsamment  court  pour  s'affranchlr  des  conditions  d'envlronnement. 


3  -  PROPAGATION  RASANTE  DES  ONDES  MIUJK*TR10UES  SUR  LA  MER 
3.1.  GENERAL 1TES 


Sous  Incidence  rasante,  quand  1 'atmosphtre  ne  perturbe  pas  la  propagation  des  ondes,  le  champ 
captt  par  1'antenne  de  reception  peut  ttre  reprtsentt  par  la  somme  d'un  champ  provenant  du  rayonnement 
direct  et  d'un  champ  dO  au  rayonnement  rtfltchl  sur  la  surface  de  la  mer.  Ce  champ  total  est  dtveloppt 
en  une  composante  cohtrente  et  une  composante  Incohtrente  [5],  16]. 

La  sornne  vectorlelle  de  ces  deux  composantes  depend  fortement  de  la  gtomttrle  de  la  liaison 
et  de  l'etat  de  la  mer.  El le  permet  de  rendre  compte  des  fluctuations  lentes  et  rapldes  des  nlveoux  de 
champ  regu . 


3.2.  FLUCTUATIONS  DE  LONGUE  PUREE 


Ces  fluctuations  sont  dues  i  la  composition  cohtrente  du  champ  direct  et  du  champ  rtfltchl 
coherent.  A  cause  de  1' amplitude  de  la  marte,  ce  phtnomtne  ttalt  partlculltrement  marqut  dans  l'expt- 
rlence  effectute. 

En  effet,  le  passage  d'un  extremum  J  l'autre  requlert  une  variation  du  niveau  moyen  de  la 
mer  d'envlron  40  cm.  Aussl,  lors  des  fortes  martes,  la  variation  de  phase  du  champ  rtfltchi  atteiqnait- 
elle  plus  de  400°  par  heure. 

C'est  sur  la  premltre  zone  de  FRESNEL  que  s'effectue  prlncipalement  la  reflexion  sptculalre 
vers  l'avant  [7].  Du  fait  du  falble  dtgagenent  des  antennes  au-dessus  de  la  mer,  cette  zone,  de  forme 
elllptlque  est  trts  allongte  dans  le  sens  de  la  propagation.  Son  axe  principal  Msure  environ  1200  metres 
alors  que  son  axe  secondalre  n'est  que  de  6  mttres.  L'ttude  de  son  dtplacement  en  fonctlon  de  la  hauteur 
du  niveau  de  la  Mr  montre  (figure  n®  1)  : 

-  que  l'elllpse  est  correctement  tclalrte  par  chacune  des  deux  antennes,  la  variation 
maximum  d'tclalrement  dans  cette  zone  ttant  Inftrleure  i  2  dB 

-  qu'une  variation  de  la  hauteur  du  rtcepteur  de  4,8  m  vers  le  bas  translate  la  surface 
rtfltchl ssante  d'envlron  500  m  en  direction  de  la  cite 

Pendant  ce  dtplaceMnt,  on  peut  ralsonnablement  supposer  que  la  mer  garde  les  mtmes  proprlttts 
statlstlques. 


3.3.  FLUCTUATIONS  DE  COURTE  PUREE 


Ce  type  de  fluctuations  provlent  des  multiples  surfaces  tltmentalres  composant  la  mer.  La 
distribution  statlstlque  de  l'amplltude  du  vecteur  "dlffus"  correspondent  suit  une  lol  de  RAYLEIGH. 

La  distribution  des  fluctuations  de  courte  ptrlode  du  niveau  de  champ  regu  s'apparente  done 
3  une  lol  de  RICE.  Ces  lols  llmltes  :  lol  normale  par  mer  agltte  levte  par  le  vent  et  lol  de  RAYLFIGH 
sur  minima  par  mer  calme,  ont  ttt  mlses  en  evidence  au  cours  de  cette  experimentation  [81. 

On  precise  *  ce  sujet  que  la  durte  de  la  ptrlode  d'anelyse  des  fluctuations  est  un  paramitre 
i  consldtrer  avec  precaution. 
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En  effat,  lout  eertalnes  configurations  d*  liaison*.  It  cheap  rdfltchl  prAsente  la  pArlodlcItt 
du  aouvant  dt  la  houle.  Dt  ct  fait,  pour  accAder  aux  distribution*  statlstlques  dts  niveaux  dt  chaap, 
las  ptrlode*  d'ana’y***  dolvant  Atre  d'unt  dur*t  Urgement  supArleure  t  la  p*r1odt  du  mouvanent  prin¬ 
cipal  dt  la  mar. 

-  CALCUL  THfOR  IQUE  DU  COEFFICIENT  DE  REFLEXION  os  DANS  LA  DIRECTION  SPECUI.AIRE  D*UNE 
SURFACE  RU6UEUSE 
4.1.  APPROCHE  THEORIQUE 


Cast  ptndant  la  saconda  guerre  mondial*  qua  se  sont  affactutas  las  prenitres  ttudes  thAo- 
rlques  sur  la  sujtt.  Fuls,  an  1954,  AMENT  19]  proposa  una  thtorla  pemettant  da  calcultr  p.  an  prenant 
an  coapta  its  caractAr1st<ques  statlstlquas  da  la  surface  tclalrta.  II  suppost  una  onda  AlectromagnA- 
tiqua  polarlsta  11n*a1raaant  Aclalrant  una  surface  ruguause  aono-dlnanslonnal la  parfaltanant  conductrlea. 
En  utlllsant  las  Aquations  da  MAXWELL  at  an  Introdulsant  una  description  stttlstlqua  da  catte  surface, 

11  net  an  tvldence  un  ensemble  d’Aquatlons  IntAgralas  portant  sur  las  cou-ants  surfaelquas  noyannts. 

Pour  aboutlr  1  una  solution,  das  slnpllflcatlons  inportantes  sont  Introdultes.  Ellas 
supposent  d’una  part  que  la  densltt  surfaclque  dt  courant  est  seulament  une  fonctlon  da  1 ‘altitude 
(l’eifat  d'onbre  n'est  pas  prls  en  compte)  ct,  d'autra  part,  que  le  courant  Indult  est  celul  du  plan 
tangent  au  point  consldtrt  (le  rayon  de  courbure  de  la  surface  dolt  tt.re  grand  davant  la  longueur 
d'onie  Incldante). 

Noyennant  ces  approximations,  AMENT  relle  le  coefficient  de  rAflexion  dans  la  direction 
spAculalre  A  la  densltt  de  probabllltt  p  (h)  des  hauteurs  de  la  surface  : 


ps  ■  /  *  "  exp  (-  21  k  h  sin  o)  .  p  (h)  .  dh  (1) 


oO  k  -  2  x/»1  est  la  nombre  d'onde 

et  o  *  r angle  d'lndlcence  de  l'onde  par  rapport  au  plan  d'altltude  moyenne 


L'appllcatlon  de  l'expresslon  prtetdente  au  cas  d'une  surface  gausslenne  conduit  *  : 


ps  *  axp  [-  2  (2  x  g) 2 1 

oil  g  *  est  la  rugosltt  de  la  mer 

.  o  sin  9 
9  .  - - 


(2) 


(3) 


avec  o  *  hauteur  quadratique  moyenne  de  la  surface.  (Dans  le  cas  d'un  spectre  hydrody- 
namique  ttrolt  :  H  1/3  -  4  .  o). 


En  s'appuyant  comma  AMENT  sur  la  mtthode  de  l'Optlque  physique  et  en  utlllsant  des  simpli¬ 
fications  slmilalres  (effet  d'ombre  et  diffusion  multiple  ntgllgts),  BECKMAN  [7]  aboutit  aussi  S 
1 'expression  (2)  par  une  demarche  de  calcul  difftrente. 

Plus  rtcemment  MILLER  et  AL,  110]  ont  dtdult  une  nouvelle  expression  de  p.  en  prenant  appui 
sur  des  experiences  effectutes  par  BEARD  [6], 

Ils  supposent  que,  sur  une  pArlode  d'observation,  la  surface  varle  comme  une  slnusoTde  dont 
la  distribution  d'amplltude  est  gausslenne  et  dont  la  phase  est  unlformtment  rtpartle  sur  [-x/2,  x/2]. 

Cette  representation  Introduit  l'aspect  ptrlodique  du  mouvement  de  la  mer. 

Sous  ces  hypotheses  et  en  appllquant  1 'expression  (1)  le  coefficient  de  reflexion  dans  la 
direction  speculalre  s'tcrit  alors  : 


ps  •  exp  (-  2  (2  x  g)7]  .  Io  [2  (2  x  g)*J 


(4) 


C'est  cetta  dernltre  formulation,  difftrente  de  l'expresslon  de  AMENT  pour  les  fortes 
rugositts  que  l'on  se  propose  de  verifier  experiments lement. 
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4.2. 


DE  DANS  LA  DIRECTION  SPECULATE  A  INCIDENCE  RASANTE 

EN  roigtlDN  PE  la  hauteur  des  vagues  et  pe  l'anble  P1 incidence - — 


Des  *  tuques  fouril ssant  la  rugosltd  de  1*  mer  et  le  coefficient  de  reflexion  dens  la  direction 
spdculalre  ont  its  t.ecds  t  la  frequence  de  36  GHz  dans  le  cadre  de  lla'sons  rasantes  (figure  n°  2), 

Elies  illustrent  las  expressions  (3)  et  (4). 


Pour  des  hauteurs  de  vagues  constantes,  ps  varie  falblement  et  de  fagon  llndal-e  en  fonction 
de  Tangle  d' incidence.  C'est  lorsque  le  ddgagement  aes  antennes  au-dessus  de  1'eau  est  le  moins  impor¬ 
tant  que  ps  est  le  plus  dlevd  (la  rugosit*  de  la  mer  est  alors  plus  faible). 

Quand  la  mer  passe  de  Vetat  1  I  1'dtat  3  sur  I'dchelle  de  DOUGLAS,  p,  ddcrolt  fortement  : 
Tagitation  de  la  mer,  caractdrlsde  par  sa  hauteur  significative  ou  sa  hauteur  quadratique  moyenne 
apparatt  corane  dtant  >  paramdtre  dominant  pour  ce  type  de  liaison  A  Incidence  rasante. 


5  -  MOD£LE  DE  REFLEXION  SPfCULAIRE 

La  mise  en  place  d'un  meddle  de  reflexion  spdculalre  rend  compte  des  fluctuations  lentes  dQes  a  la 
marte.  II  se  fonde  sur  la  composante  provenant  du  rayonnement  direct  (Ed)  et  sur  la  composante  cohdrente 
du  rayonnement  rdfldchi  (Er).  Afin  de  simplifier  les  calculs  du  champ  resultant,  les  hypotheses  suivantes 
sont  dmlses  : 

-  Tattdhuatlon  atmosphdrique  est  identique  sur  le  trajet  direct  et  sur  le  trajet  Indirect 

-  la  variation  de  l'indice  de  refraction  n  fonction  de  I'altitude  est  lindaire  et  invariante 
dans  le  temps 

-  l'effet  de  depolarisation  de  1'onde  rdfldchie  sur  la  surface  de  la  mer  due  a  la  rugositd  est 
ndgligd.  Puisque  1'onde  incidente  est  polarlsde  liriairement,  sa  composante  cohdrente  aprds 
reflexion  sur  une  surface  de  grande  conductivitd  et  de  rayons  de  courbure  grands  devant  la 
longueur  d'onde  incidente  n'est  pas  ddpolarisde 

En  s'appuyant  sur  1'Optique  gdomdtrique,  la  norme  du  champ  regu  prend  la  forme  simple  suivante  : 

ET  *  <Ed*  +  Er2  +  2  Ed  Er  cos  *)'/2  (5) 


oQ  <p  reprSsente  le  dfephasage  du  champ  Indirect  par  rapport  au  champ  direct 


*.r,,L?Jn,odiie  cl*ss1,!ue  de  ’a  propagation  sur  terre  sphdrique  permet  d'exprimer  les  champs  direct  et 
rdfldchi  en  fonction  du  champ  dmis  E0  : 


Ed  *  °  •  Fd  •  Eo  (6) 

Er  ”  “  •  Oq  '  “S  •  Er  ■  D  •  Eo  (7> 

relations  dans  lesquelles  : 

a  caractdrlse  1 'attenuation  atmosphdrique 

p0  est  le  coefficient  de  rdflexlon  de  FRESNEL  (proche  de  -  1) 

ps  est  le  coefficient  de  rdflexlon  dans  la  direction  spdculalre  (expression  de  MILLER  et  AL.) 

D  est  le  facteur  da  divergence  du  faisceau  rdfldchi 

Ed’  Er  son*  Whtrllwtlons  des  antennes  d'dmlsslon  et  de  rdreption  pour  le  rayonnement 
direct  et  pour  le  rayonnement  Indirect 


, ..  A  1'alde  des  expressions  (6),  (7)  et  (5),  les  variations  temporelles  du  champ  rdsultant  ET  sont 
ddtermln-es  S  partlr  des  donndes  de  marde  mesurde  et  d'agltatlon  de  la  mer  fournle  per  la  bouda. 

Ce  type  de  traltement  ne  permet  en  gdndral  qu'une  reconstitution  approchde  des  figures  d'lnter- 
fdrence  a  cause  de  la  mdconnaissance  de  la  structure  atmosphdrique  et  des  incertitudes  de  mesures 
concernant  la  hauteur  moyenne  de  la  mer.  Cette  dernidre  valeur  n'dtalt  dlsponible  que  toutes  les 
heures  en  un  point  placd  a  quelques  kilometres  de  la  zone  de  rdflexlon.  De  plus,  les  effets  de  marde, 
importants  dans  catte  rdgion  Induisaient  des  ddcalages  temporels  de  hauteur  moyer.ne  de  la  mer  entre 
le  point  de  mesure  et  la  zone  de  rdflexlon. 

Aussl,  en  supposant  que  la  propagation  s'effeetue  en  atmosphdre  standard,  le  profll  de  marde 
releva  a  dtd  rdajustd  a  partlr  de  la  position  des  extrema  de  champ  regu. 

Cette  procedure  a  permis  de  restituer  correctement  les  variations  de  longue  durde  du  niveau  de 
champ  regu  pour  1  ensemble  des  pdrlodes  pour  lesquelles  l'lnfluence  de  Tatmosphdre  n’apparalt  pas 
(figure  n°  3). 


6  -  ETUDE  EXPERIMENTALE  DU  CALCUL  DU  COEFFICIENT  DE  REFLEXION  DANS  LA  DIRECTION 
SPECULATE 

6.1.  PRINCIPE  DE  LA  MESURE 

It  calcul  I  partlr  das  donn6e$  experimental es  de  p.  s'r.ppul*  sur  la  model e  prtcidatnnant 
developpe  au  paragraphe  5.  En  effet,  cette  valeur  se  caleule  I  partlr  das  valeurs  axtr*males  du  niveau 
de  champ  regu  dtdult  da  l'expresslon  (S).  Leurs  formulations  an  sont  las  sulvantes  : 

-  Pour  la  champ  minimum  : 

Em  <dB>  *  20  <Fdm  -  pom  PS  Dm  F1m> 

-  Pour  1e  champ  maximum  : 

Em  (dB)  *  20  log  (FdM  +  p$  DM  F1M)  (9) 


Ella:  supposent  le  coefficient  da  reflexion  dans  la  direction  spSculalra  Invariant  antre 
deux  extreme  successlfs.  Caci  est  vral  pour  las  situations  da  mar  Stabiles  oG  les  conditions  meteo- 
rologlques  at  ocianographlquas  sont  stahles  dans  le  temps. 


La  resolution  des  deux  equations  precedent.es  conduit  lamed la toment  t  l'expresslon  du 
coefficient  de  reflexion  dans  la  direction  speculalre  : 


Fdm  10 


A/ 20 


-  F 


dM 


Dm  F1m  pom  10  V“  +  DM  FiH  poM 


(10) 


oG  A  «  E„  -  E_  >  0  est  la  difference  d'attenuatlon  entre  les  deux  extrema  successlfs 
n  m 


Pour  accBder  6  cette  valeur  par  1 'experience,  deux  fagons  de  proceder  ont  ete  mlses  en  place. 


-  La  premiere  utilise  la  mar6e.  Delon  son  amplitude,  la  perlode  necessaire  *  la  determi¬ 
nation  d'un  point  de  mesure  est  alors  comprise  entre  20  minutes  et  une  heure. 

-  Connie  sur  de  longues  perlodes,  les  ccracterlstiques  d'envlronnement  peuvent  changer, 
un  eievateur  supportant  Vantenne  de  reception  a  ete  employe  :  les  figures  d' inter¬ 
ference  sont  alors  reprodultes  en  un  temps  beaucoup  plus  court  (quelques  minutes). 


6.2.  MESURE  DE  LA  REFLEXION  SPECULATE  A  PARTIR  DE  l.A  VARIATION  DE  LA  HAUTEUR  DU  RECEPTEUR 


Le  champ  regu  etant  sujet  a  des  fluctuations  rapldes  dues  princlpalemer.t  i  la  mer  et  dont. 
la  perlode  prlnclpale  maximale  etait  de  I'ordre  de  10  secondes. 

Pour  redulre  1' Influence  du  terme  Incoherent  correspondent  sur  les  valeurs  des  extrema, 
tout  en  n'emettant  pas  d'hypotheses  a  priori  sur  sa  loi  de  probablllte,  le  champ  regu  a  ete  moyenne 
sur  un  temps  largement  supdrleur  S  la  perlode  prlnclpale  des  vagues. 

Dans  ce  but,  la  hauteur  de  l'eievatcur  varlalt  par  paller  pendant  la  mesure.  En  flxant  sa 
duree  S  30  mn  et  en  Hmltant  les  erreurs  de  phase,  la  duree  d'un  paller  etait  de  30  secondes  et  la 
hauteur  entre  deux  pallers  de  10  cm. 

A  36  GHz,  une  descente  de  5  m  ae  l'antenne  de  reception  fait  passer  le  champ  regu  par 
5  minima.  La  figure  n°  4  pr6sente  une  mont6e  de  1 'eievateur  par  mer  calme.  La  courbe  en  trait  plein 
represente  le  champ  moyenne  sur  chaque  paller  tandls  que  les  mesures  i  1  Hz  apparalssent  sous  forme 
de  points. 


Onze  mesures  de  ce  type  ont  ete  effectufies  sur  trois  jours  consecutifs  : 

-  Le  matin  du  17  octobre,  la  mer  etait  calme  (H  1/3  =  0.6  m).  Les  figures  d'lnterfe- 
rences,  dont  1 'amplitude  est  Id  dB,  sont  prononcRes.  Puls  le  vent  de  secteur  ouesf 
forclt  dans  le  courant  de  la  journCe  et  de  la  nult. 

-  Le  lendemaln,  sa  vltesse  attelnt  plus  de  13  m/s.  La  mer  est  fortement  aqltee 
(H  1/3  >  2.5  m). 

L'amplltude  des' figures  d’ Interference,  inferleure  8  2  dB,  a  d6cru  fortement. 

-  Le  19,  le  vent. a  molll  et  la  mer  est  un  peu  molns  rugueuse  (H  1/3  -  1.9  m) 

(figure  n"  S), 
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Pulsque  1  'on  consldbre  l'btat  de  1*  mer  Invariant  pendant  la  durfe  du  dbplacement  de 
l'blbvateur,  at  pulsqut  1 'Incidence  du  rayon  rbflbchl  a  ptu  d'lnfluence  sur  la  rugosltt  de  la  «r, 

Its  yalturs  dts  coefficients  de  reflexion  dans  la  direction  spbculelre  ont  ete  moyennees  et  leurs 
tcarts-type  calcuies.  Ces  rtsultats  pour  un  certain  nonbre  de  mesures  effectutes  apparel ssent  en 
figure  n®  6  oQ  ont  aussl  #te  tractes  les  courbes  theorlques  de  AMENT  et  de  MILLER  et  AL. 

On  y  constate  une  mellleure  concordance  de  1 'expression  de  MILLER  et  AL.  avec  les  mesures. 
En  partlculler,  cette  expression  apparalt  blen  adaptee  quand  la  mer  devlent  rugueuse. 


6.3.  MESURE  DE  LA  REFLEXION  DANS  LA  DIRECTION  SPECULATE  A  ANTENNES  FIXES 

Pour  completer  les  rdsultats  obtenus  i  partlr  des  mesures  effeetutes  avec  l'eiivateur,  le 
coefficient  do  -iflcxicn  ?s  dans  la  direction  speculalrt  a  aussl  ete  calcuie  en  utlllsant  les  donnees 
acqulses  lorsque  les  antennes  ttalent  fixes. 

Les  perl  odes  sdlectlonnAes  prSsentent  des  figures  d’ Interference  dues  an  seul  phenomena 
de  marte.  Les  mesures  meteorologiquts  ™ ttalent  alors  general ement  en  evidence  : 

-  une  temperature  de  l'alr  peu  elevde 

-  une  forte  humldlte  relative 

-  la  presente  de  vent 

Pour  s'abstralre  des  scintillations  dues  i  la  reflexion  sur  1 'ocean,  les  nlveaux  de  champ 
regu  ont  ete  moyennes  sur  deux  minutes.  Cette  durbe,  grande  par  rapport  a  la  pbrlode  des  vagues  domi¬ 
nances,  assure  une  erreur  acceptable  sur  la  position  des  minima.  L'erreur  maximale  convulse  sur  la 
phase  du  signal  Indirect  par  rapport  au  signal  direct  est  Infbrleure  4  15  degrbs  dans  les  cas  les  plus 
dbfavorablcs  (marbes  de  forte  amplitude). 

Les  donnees  ont  ete,  de  plus,  llssbus  sur  10  minutes,  par  moyenne  gllssante,  dans  le  but 
de  flltrer  les  variations  dues  i  la  propagation  des  vagues  par  groupe  et  les  variations  causbes  par 
les  turbulences  atmospherlques. 

Ce  la  mb me  fagon  que  prec#demment,  le  coefficient  de  reflexion  dans  la  direction  speculaire 
a  ete  determine  sur  une  dlzalne  de  pbrlodes  correspondent  3  des  rugosltes  comprises  entre  0.06  et  0.46 
(figure  n°  7). 

Suite  i  ces  rbsultats,  11  apparalt  que  la  thborle  de  KILLER  et  AL.  par  1 'Introduction  d'une 
forme  slnusoTdale  dans  l'expresslon  de  'a  hauteur  Instantanbe  du  niveau  de  la  mer,  pormet  de  rendre 
compte  de  fagon  satlsfalsante  des  valeurs  du  coefficient  de  reflexion  ps  mesure,  cecl  dans  l'ensemble 
du  domalne  de  rugoslte.  J 


7  -  PROPAGATION  ANORMAIE  1  CAS  DE  L*  ATMOSPHERE  PERTURBEE 

Dans  les  paragraphes  precedents,  la  troposphere  a  ete  model  1  see  en  conslderant  une  variation 
llrbalre  de  l'lndice  de  refraction  en  fonctlon  de  1 'altitude  (-  39  N/km  en  atmosphere  standard). 

Cette  modeilsatlon  etalt  justlfiee  par  les  conditions  d'envlronnement  rencontrbes  car  elles 
etalent  peu  propices  4  la  supra refraction  et  aux  turbulences  atmospherlques. 

Toutefols,  el le  est  mlse  en  defaut  pour  rendre  compte  du  champ  recu  oar  changement  de  la  situation 
meteorr/'cglque  locale.  En  effet,  des  mouvements  d'advectlon  dbforment  les  figures  d'lnterfbrences  comme 
11  a  ete  observe,  pendant  une  campagne  de  mesure  prbeedante,  lors  du  passage  d'un  front  chaud  et  humlde 
venant  de  1 'ocean  (figure  n°  8).  11s  condulsent  S  une  variation  du  gradient  d'lndlce  de  refraction  de 
1  'air  changeant.  la  phase  du  rayon  rtfiechl  par  rapport  au  rayon  direct. 

Outre  la  deformation  des  figures  d'lnterference,  des  fluctuations  des  niveaux  de  champ  de  grandes 
amplitudes  (plus  de  25  dB)  et  de  eourtes  pSrlodes  ont  ete  relevees  (figure  n°  9).  Durant  cet  6venement 
la  temperature  de  l'alr  etalt  proche  de  son  maximum  joumaller  (environ  15°  C) ,  le  vent  etalt  faible 
(quelques  mbt.rs  par  seconde)  et  1'hunidite  relative  la  plus  basse  (60  -  70  *). 

Les  conditions  meteorologiques  prbeedentes  sont  relies  qui  permettent  d'observe’  les  conduits 
d' evaporation.  Ces  conduits,  de  quelques  dlzalnes  de  metres  de  hauteur,  dependent  fortement  des 
parametrrs  meteorologiques  au  voisinage  de  lx  surface.  Aussl  peuvent-lls  avoir  des  proprietes 
radioflectrlques  trte  fluctuantes  causant  des  evanouls semen ts  de  grandes  amplitudes  et  de  ccurtes 
perl  odes. 


-  CONCLUSION 

Cette  nouvelle  campagne  vlent  completer  la  connal ssance  du  phenomene  tie  reflexion  speculaire,  sur 
la  surface  ae  la  mer,  S  36  GHz. 

Le  coefficient  do  reflexion  dans  la  direction  speculaire  a  etS  caleuie  S  1 'aide  de  mesures 
recuellll&s  4  hauteur  fixe,  ct  de  mesures  recueillles  via  un  systdme  mobile  en  hauteur,  simulant  le 
phenomene  de  marbe. 
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Coopt*  tenu  das  incertitude*  da  mesures,  on  rtmarque  qu'il  exist*  una  bonna  correspondence  antra 
ces  points  da  mesures  at  1 ‘expression  da  MILLER  at  At. 

Un  model*  da  reflexion  speculalre,  utillsant  catta  formulation,  dans  la  cas  d'una  atmosphere  stable 
1  gradient  d'lndlc*  constant,  a  oa rails  da  calcular  las  variations  da  longue  durde  du  signal  regu. 

I)  ne  paraat  pas  neanmolns  da  ran dr*  coopte  das  ph4nom6nes  da  propagation  a normal*  observes  certains 
jours. 

En  effet,  des  fluctuations  da  grande  amplitude  ont  it  t  observes  durant  des  perl  odes  non  ventdes 
et  ensolellHes. 

Pour  lutter  contra  les  affalbllssements  dus  : 

-  au  trajet  double  sur  une  mer  caractdrlsde  par  une  marda  d e  forte  amplitude 

-  aux  fluctuations  de  1‘atmesphere 

des  techniques  variees  telle  qua  la  dlversitd  d'espace  ou  la  ddpolntage  des  antennes,  pourralent  alors 
amdllorer  de  fagon  notable  la  qualltd  de  la  liaison. 
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FIGURE  N°  1 


ECLAIREMENT  PAR  UES  ANTENNES  DES  DEUX  PREMIERES  ZONES 
DE  FRESNEL  EN  FONCTIQN  DU  NIVEAU  MOYEN  DE  LA  MER 
ET  DE  LA  HAUTEUR  DU  RECEPTEUR 


Angle  d'incidsnce  (en  deg) 


l«l  Ech*U«  d*  Angle  d' incidence  (en  deg) 


FIGURE  N°  2 

RUGOSITE  DE  LA  MER  ET  COEFFICIENT  DE  REFLEXION 
DANS  LA  DIRECTION  SPECHLAIRE  A  36  GHz 
POUR  UNE  LIAISON  A  INCIDENCE  RASANTE 
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FIGURE  N°  3 

FIGURES  D' INTERFERENCE  A  36  GHi 
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Pugosit6  de  la  mer 


- :  theorie  de  Miller  et  al. 

- :  theorie  de  Ament 

FIGURE  N*  6 

COEFFICIENT  DE  REFLEXION  DANS  LA  DIRECTION  SPECULATE 
(HESURES  EFFECTUEES  AVEC  L'ELEVATEUR) 


0  .1  .2  .3  . <  .5 


- :  theorie  de  Miller  et  al.  Rj9osit*  de  ,a  mer 

- :  theorie  de  Rment 

FIGURE  N°  7 

COEFFICIENT  OE  REFLEXION  DANS  LA  DIRECTION  SFECULAIRE 
(MESURES  EFFECTUEES  A  ANTENNES  FIXES) 


DEFORMATION  OES  FIGURES  O' INTERFERENCE 
ORS  OU  PASSAGE  O' UN  FRONT  CHAUO  ET  MUHIDE 


SUMMARY  Of  SESSION  VI 


IMPACT  ON  SYSTEMS 

hy 

C.Goutciard,  Session  Chairman 


Session  VI,  entitled  'Impact  on  Systems'  consisted  of  sis  papers,  Two  main  themes  >vere  addressed.  The  first  one 
concerned  channel  modelling  and  simulation,  the  second  one  dealt  with  the  influence  of  propagation  phenomena  in  random 
media  cm  systems  reliability. 

In  his  report.  Martin  Neacnbergs  tackled  the  ticklish  problem  of  the  use  of  HF  channels  in  broad  band  (I  MHi>  H? 
mentioned  the  influence  of  the  jammers  and  he  proposed  modelling  the  channel  through  a  generalisation  of  the  Watterson 
model. 

The  report  of  P.Lo  Murk)  et  al.  related  to  an  experiment  consisting  of  measuring  the  impulse  response  of  VHF  links  whtrh 
b.ings  out  the  existence  of  multipaths. 

In  his  paper.  John  Lemmon  proved  that,  in  a  tropospheric  scattering  link,  there  exist  particular  aspects  of  the  impulse 
response  of  the  channel.  He  explained  this  phenomenon  by  the  dynamics  of  the  propagation  medium.  A  good  correlation  was 
found  between  the  BER  and  the  measured  channel  parameters. 

In  the  next  paper,  J.A.Offmeycr  presented  a  problem  of  microwave  fading  and  proposed  a  modei.  He  analysed  tl>c 
influence  of  the  multipath  on  the  quality  of  the  signal  received. 

S.Basu  ct  al.  presented  transfer  phenomena  occurring  in  the  auroral  tone  and  their  effects  on  communication  systems  and 
radars.  She  described  development  of  irregularities,  in  particular  their  drift  speed  and  density.  Their  effects  on  clurter  from  HF 
radars  and  on  communications  were  then  examined. 

The  paper  by  F.Kelly  et  al.  dealt  with  the  worldwide  propagation  of  long  waves  in  the  earth-ionosphere  cavity.  Numerous 
parameters  were  introduced  in  a  simulator.  The  authors  have  compared  the  calculation  results  with  the  exper. mental  results. 

In  each  paper  of  this  session,  two  themes,  irodclisationsimulation  and  reliability  of  systems,  were  addressed  cither 
separately  or  simultaneously  in  a  very  broad  frequency  band,  extending  from  long  waves  to  millimetre  waves. 

Every  report  contained,  or  relied  on,  experimental  results  and  five  of  them  either  used  or  referred  to  simulation.  These 
subjects  raised  considerable  interest  among  the  audience  and  there  was  extensive  debate  about  the  problems. 

Suggestions  were  made  by  the  authors  on  the  explanation  of  the  phenomena  and  on  the  difficult  problems  connected  with 
simulation,  as  well  as  on  the  improvement  of  concepts,  which  must  be  considered  for  future  systems. 

The  number  and  the  relevance  of  the  questions  and  comments  coming  from  the  audience  proves  the  great  interest  they  felt 
for  the  session. 


IMPACT  SUR  LES  SYSTEMES 
par 

C.Goutelard.  Session  Chaiiman 


La  session  VI,  dont  Cintitule  est  "impact  on  systems'  comportait  6  contributions. 

Deux  themes  esscntiels  y  ont  ete  abordes.  Le  premier  porte  sur  la  modelisation  et  la  simulation  des  canaux.  le  second  traite 
de  I ‘influence  des  phenotnenes  de  propagation  dans  les  milieux  aieatoires  sur  les  performances  des  systemes. 

Dans  sa  communication,  Martin  Nesenbergs  aborde  le  probleme  delieui  de  ('utilisation  en  large  bandc  —  I  MHx  —  du 
canal  ionosphdrique  en  ondcs  ddeametriques.  L'influence  des  hrouilleurs  est  signalec  ct  une  modelisation  du  canal  par  une 
generalisation  du  modtic  de  Watterson  y  est  proposee. 

La  communication  de  Flo  Muno  et  autres,  relate  une  experimentation  sur  la  mesure  dc  la  reponse  impulskmndle  de 
liaisons  VHF  qui  fait  ressortir  I’existence  de  trajets  multiples. 


Lc  Dr  Join  Lemmon  montre  I'uiMencc,  dan*  une  liaison  numCrique  per  diffuaioo  trupo-pbCrique,  ci'atpect*  perttcuben 
dc  la  rCpome  Imputelonaatte  du  canal,  quit  Interpret  par  la  pern  to  compte  da  la  dynamique  du  milieu  de  pmfnprtliat  Lc 
BER  compart  ana  paramtoa*  mcsurts  du  canal,  nwntre  une  bonne  condlatian. 

Le  probttme  de  ralMbNeeentent  de*  mkro-ondc*  cm  ahonW  dan*  PexpoaC  du  Dr  J.Offineyet  qui  cn  propose  une 
moddUatton  <rt  une  umulahun.  Lc*  trajets  muhiplet  et  leur  influence  uir  la  qualitt  du  lignal  recu  y  *oot  dbcutd*. 

La*  pMnamtee*  de  cunmunkation  el  le*  radar*  sow  export*  par  le  Dr  S.Ba*u  el  entree.  Le  ddvdoppement  de* 
irrtgularildt,  notamment  leur  vite*»e  dc  ddrive  cl  leur  densitd,  ett  (Merit.  Let  effet*  wr  le  fbuitll*  de*  radar*  HF  cl  *ur  le* 
ttidcommunicationt  *ont  ensuitc  examine*. 

Lc*  unde*  tongues  *ont  cotuiddrtei  dans  1'export  du  Dr  F.Keily  el  autre*,  qul  examined)  leur  propagation  i  rcchdk 
mondiale  dans  la  cavil*  Ten*- Ionosphere  De  nombreux  peramfetrt*  sont  introduits  dan*  un  kmulateur  dont  le*  rdsultata  de 
calcul  sont  compaid*  I  ceux  obienus  expdrlmentaiement. 

Dana  ccttc  teuton,  let  deux  tMmet  (mod^iiatkwi-umuUtion  et  performance*  dc*  eyxtfanci)  ont  <k  abordrt  rtpardment 
ou  dmultandment  dans  cheque  export  mais  dart*  un  domain:  de  frtquencet  extrtmement  vaeie  qui  a’dtend  de*  onde*  tongue* 
m  oodet  fnMUnwinqiw:i 

Tout**  Is*  communkation*  prfwntde*  component  ou  s'appuieni  sur  de*  rteuhata  expert  men  taux  el  cinq  d'entre  die* 
utiUscnt  ou  font  rtrtrencc  It  la  simulation.  Ccs  points  ont  d ‘at Ileum  nelevi  I'inkrtt  de  I'aucbtoire  qui  en  a  tonguement  dAattu. 

De*  nngmtion*  ont  Ck  failta  par  le*  auteur*,  tant  sur  la  interpretation*  de*  phdnomdne*  e(  le*  difficile*  prohICme*  que 
»oulbve  la  rimubtion  que  aur  I’amOionitkin  de*  concept*  b  enviiager  pour  le*  »y*tCme*  flnurv 

Le  nombic  et  la  pertinence  de*  questions  et  de*  commentatres  Cm* nan t  de  I'auditoirv  montreni  le  grand  intcrCt  quit  y  a 
trouvd. 
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RANDOM  PROPAGATION  THROUGH  THE  LONGWAVE  CHANNEL 

by 

P.J.  Kelly,  7.J.  Rhoads  >  M.D.  Andrew** 

Naval  Research  Laboratory 
E.O.  Hulburt  tenter  for  Space  Research 
Ionosp  *r':  Effects  Branch 
Washington,  D.C.  20373-3000 

*Interf*rom* tries ,  Inc. 

8130  Leesburg  Pika 
Vienna,  VA  22180 


SUMMARY 

The  longwave  propagation  channel  in  the  earth- ionosphere 
waveguide  has  many  characteristics  of  a  random  medium.  The 
lower  surface  of  the  waveguide  is  sometimes  rough  or  smooth 
depending  on  th*  propagation  path  considered.  The 
fono.pheric  boundary  is  significantly  perturbed  by  sudden 
events  during  both  daytime  and  nighttime.  The  polar-arctic 
regions  of  the  world  evidence  these  effects  in  a  striking 
manner  nnd  require  different  statistical  treatment.  Recent 
observation  of  longwrve  fields  in  the  arctic  will  be 
described  and  their  degree  of  agreement  with  statistics 
predictions  displayed. 


1.0  INTRODUCTION 

At  low  frequencies  (below  300kHz)  radio  wavelengths  are  large  (greater  than 
a  kilometer)  in  comparison  to  common  antenna  sizes.  Such  waves  can  be  radiated 
efficiently  from  ion;  wires  suspended  from  balloons  on  aircraft  or  from  high  Q 
vertical  monopole  antenna  structures.  The  change  of  electron  density  in  the 
lower  ionosphere  is  so  rapid  with  height  that  a  large  change  in  radio  refractive 
index  takes  place  within  a  wavelength  of  the  propagating  wave.  Tj  treat  this 
case,  a  true  specular  reflection  formulation  of  the  problem  i9  required  -  ratnv. 
than  the  WKB  type  of  treatment  that  is  used  at  high  frequencies. 

The  ionospheric  effective  reflection  height  is  typically  70-90km,  which 
implies  that  the  space  between  the  ionosphere  and  the  ground  can  be  treated 
efficiently  using  waveguide  mode  theory. 

The  variability  of  the  ionosphere  and  the  earth’s  surface  makes  the  e^rth- 
xonoaphere  waveguide  a  random  propagation  channel  for  long  wavelength  radio 
waves.  The  upper  boundary  of  the  waveguide,  the  ionosphere,  is  too  large, 
complex  and  variable  to  be  adequately  predicted  or  sensed  over  an  e-tire 
propagation  path  totalling  many  thousand  kilometers  in  length.  In  many  longwave 
prediction  calculations  this  variability  is  suppressed  and  a  constant 
ionospheric  profile  assumed  •  one  profile  for  daytime  propagation  and  one 
profile  for  nighttime  (Reft.  1  and  2).  We  will  discuss  in  greater  detail 
attempts  to  treat  the  ionosphere  e tatie t ically  (Refs.  3  and  4).  The  lower 
boundary  of  the  ear th- ionosphe re  waveguide,  th»  ground,  ie  a  rough  and  variable 
surface  whose  parameters  are  also  not  well  known  over  the  vast  distances  of  a 
typical  propagation  path.  In  the  Arctic  there  are  regions  of  low  ground 
conductivity  caused  by  ice  caps,  perma-frost  ar.d  ■  «%  ice  (Refs.  5  end  6). 
Likewise  the  hills  and  mountains  along  a  propagation  path  represent  a 
challenging  assembly  of  random  scattering  centers. 

The  daytime  and  nighttime  D-region  where  the  rejection  of  long  radio  waves 
normally  occurs  is  not  very  well  modelled  (Refs.  7  through  18).  In  spite  of 
hard  work  and  large  computer  codes,  the  baffling  chemistry  and  composition  of 
this  region  have  presented  strong  obstacles  to  our  understanding  of  its 
behavior . 

Recently,  an  additional  complication  hat  been  •“dded  with  the  suggestion  that 
the  occurrence  of  lightning  from  thunderstorms  ie  a  strong  causative  factor  ir. 
the  production  of  the  nighttime  D-rey'.m  through  the  laser-like  stimulation  of 
electron  precipitation  from  the  Van  Allen  Belts  (Refs.  19  through  21).  There 
has  also  been  a  strong  suggestion  t.j&t  the  water  vapor  molecules  which  are 
important  to  the  D-region  chemistry  are  supplied  to  the  D  region  by  a  ’rain"  of 
snowy  meteors  from  specs  (Ref.  22).  It  will  be  interesting  to  see  how  these 
speculations  affect  th ^  feture  development  of  longwave  propagation  predictions. 

In  thie  p.r’-  we  elial!  treat  several  statistical  aspects  of  the  longwave 
channel.  In  e«.-cion  2  we  will  present  some  hitherto  unpublished  experimental 
result*  on  thr  stability  of  the  longwave  channel  in  the  neighborhood  of  an 
interference  null.  We  will  also  display  measurements  and  theory  for  the 
frequency  dependence  of  the  broadcast  signals  strength  from  the  NWC  broadcast 
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trtnanitttr  in  Australia  ataiurtd  at  Japan,  Alaska,  tha  Philipplnss,  Madagascar, 
and  Bahrain. 

In  saction  3  w«  will  traat  propagation  In  tha  arctic  araa.  Involving  tolar 
proton  avants  (SPK's)  and  propagation  ovar  tha  Graanland  lea  Cap.  V*  obsarva 
that  such  avants  lust  ba  takan  into  account  for  tha  spacif ication  of  a  992  tint 
availability  signal  axcaadanca  laval  prediction  in  tha  arctic. 


2.0  PROPAGATION  IN  TEMPERATE  LATITUDES 

An  experiment  was  performed  to  study  tha  stability  of  tha  longwave 
propagation  channel  near  multimode  interference  nulls  in  November  and  December 
1970.  Longwave  measurements  were  made  continuously  as  a  function  of  distance 
and  time  in  the  neighborhood  of  the  modal  interference  null  in  Florida,  USA,  at 
a  range  of  2.4  Megameters  from  the  Navy  VLF  transmitter  located  in  Balboa,  The 
Canal  Zone  -now  Panama-  (see  Figure  1).  Figure  2  shows  the  predicted  field 
strength  versus  distance  pattern.  The  ionosoheric  profile  parameters  f  and  h 
were  assumed  to  have  average  values  of  .3km”1  and  70km.  Tha  assumed  standard 
deviation  of  height  was  1km  and  of  f  was  .03km”1.  Tha  statistical  prediction 
(Ref.  3)  of  field  strength  was  made  using  a  Monte  Carlo  technique.  The  data 
(also  shown  in  Figure  2)  indicate  that  tha  observed  variability  was  smaller  than 
predicted.  A  scatter  plot  of  the  aircraft  measurements  is  shown  in  Figure  3. 
There  is  a  vary  small  variability  of  the  observed  data  except  for  one  case  which 
probably  indicates  a  solar  flare  disturbance.  Diurnal  plots  of  several  days’ 
observations  at  different  ground  stations  along  the  propagation  path  are  shown 
in  Figure  4. 

Measurements  wera  alto  made  in  1961  and  1982  using  the  U.S.  Navy  LF 
transmitter  near  Athens  with  reception  at  Naples,  Italy,  and  La  Maddalena, 
Sicily,  (Ref.  4).  These  observations  were  compared  with  predictions  using  the 
following  distribution  function  of  the  ionospheric  parameters  p  and  h. 
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Her.  r  1.  th.  corr.i.tlon  coefficient,  am  i.  the  etenderd  deviation  of  f,  «nd  oh 
i.  that  of  h.  From  the  obeervetione ,  the  ionoepheric  parameters  given  in  Table 
I  were  deduced. 


Between  September  end  December  1987  the  U.S.  Navy  North  West  Cape 
transmitter  »t  Exworth,  Australia,  broadceit  in  a  regular  schedule  which 
pe-.'tted  measurement.  at  fix  different  frequencies  between  15.5kHt  end  26.8kHt. 
Fi.lo  .trength  mea.urement.  were  made  in  Madagascar,  Japan,  the  Philippines, 
Alaska,  and  Bahrein  (Refs.  23  and  2.)  during  thia  time.  Figuraa  5  through  9 
show  the  reeulta  of  daytime  measurements  .  Comparisons  are  given  with 
theoretical  predictions.  The  eolid  prediction  curve  labelled  8863  refers  to 
signal  prediction!  extracted  from  the  grepha  in  Reference  28,  bated  on  Reference 
27  for  a  p  -  .Skm'i,  h  -  70km  ionoapharic  profile.  The  short  dashed  line  curve 
is  labelled  HCPP-70  (etending  for  Navy  Coverage  Prediction  Program  -70)  ia  a 
prediction  from  an  ampirically- developed  single  mode  propagation  model.  The 
long  dashed  line  labelled  WAVEGUIDE  is  based  on  a  vavegulde  mode  propagation 
prediction  method  taking  the  anisotropy  of  the  ionosphere  into  account.  We  see 
thst  ell  three  models  predict  the  verietion  of  the  observed  date.  It  is 
Interesting  to  notice  that  the  NCPP-70  model  end  the  6863  model  ere  in 
significant  disagreement  (7-lldB  error)  with  the  obeervetione  for  the  Madagascar 

end  Bahrain  measurements  »t  14.7kH*.  The  agreement  is  better  for  these  models 

at  Japan  and  Alaska.  The  WAVEGUIDE  predictions  show  that  accounting  for  the 
ionoepheric  anisotropy  improves  the  agreement  between  theory  end  observation. 

Figures  10  through  14  show  eomptrisone  for  nignttime  propagation  conditions 
on  the  tame  paths.  For  the  paths  shown  in  Figuras  lo  through  13,  the  multimode 
model  (labelled  6863)  teems  to  agree  better  with  the  measurements  than  the 

empirical  tingle  mode  model  (labelled  NCPP-70).  In  Figure  14  the  reverse  is 

this  cess. 
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3.0  PROPAGATION  IN  THX  ARCTIC 

The  arctic  environment  poaaa  a  apacial  problem  of  tha  pradiction  of  ;  •'ng 
vavat  bacauaa  both  boundariaa  of  tha  aarth- ionoaphara  waveguide  ara 
signif ieantly  diffarant  from  taaparate  aonaa.  Tha  aarth’a  aurfaea  it  diffarant 
bacauaa  of  tha  predominance  of  lov  conductivity  ataaa  of  perma-froat,  aaa  ica. 
and  lea  cap.  Tha  icnoaphara  la  diffarant  bacauaa  of  tha  pravalanca  of  aurorae 
and  tha  ready  accaaa  of  coanic  raya  and  other  ionising  charged  particle  fluxes 
into  tha  aarth’a  geomagnetic  polar  cap  area.  Thut,  there  ara  large 
uncartaintiaa  about  tha  behavior  of  long  radio  wavefielda  in  this  dynamic, 
unfamiliar  anvironaant  (Rata,  28-31). 

On  September  20,  1883,  an  NRL  aircraft  flaw  from  Soundra a t roof j ord , 
Sraanland,  to  Bardufoaa,  Norway,  via  Nord,  Greenland.  During  thia  flight  tha 
NAA  transmitter  of  Cutler,  Haina,  was  monitored  ualng  an  NM-12  AT  racaivar  which 
was  stabilised  in  frequency  at  24.0kHx.  Figure  13  shows  tha  behavior  of  tha 
fields  aa  a  function  of  aircraft  location.  Tha  moat  significant  aspect  of  thia 
data  1a  the  high  attenuation  aa  tha  aircraft  flaw  across  tha  ica  cap.  At  the 
end  of  the  transit  of  tha  ice  cap,  the  fields  recover  in  intensity  above  80°N 
latitude.  A  second  interesting  observation  it  tha  fluctuation  of  tha  fields  in 
the  portion  of  tha  flight  between  70°K  and  78°N  in  tha  tea  area  north  of  Norway. 
The  aircraft  ia  still  in  tha  'shadow*  of  the  Greenland  lea  Cap  during  thia 
portion  of  tha  flight.  These  deep  and  rapid  (short  range)  oscillations  are  not 
predicted  by  tha  standard  two-dimensional  waveguide  propagation  models.  They 
possibly  repraaant  an  intarfaranca  pattern  from  waves  diffracting  horisontally 
around  tha  ica  cap.  Figure  18  shows  a  typical  comparison  between  the  observed 
and  predicted  signal  and  noise  level  for  tha  u.S.  Navy’s  NAA,  Cutler,  Haine, 
transmitter  (NAA)  on  24.0kHa  and  1MW  (megawatt)  radiated  power  aa  measured  at 
Isfjord  Radio,  Spitsbergen,  Svalbard.  The  signal  and  noise  ara  referred  to  a 
100  Hx  bandwidth.  We  can  observe  that  there  is  good  agreement  during  all 
nighttime  propagation  conditions,  but  during  the  daytime  the  observed  signal  is 
about  lOdB  lower  than  pradlcted. 

When  a  tolar  proton  event  occurs,  enhanced  absorption  ia  often  noted  on 
riometer  and  HF  communications  circuits.  Longwave  propagation  is  affected  also. 
Figures  17  and  18  show  the  variations  of  Cutler’s  VLF  field  at  Spitsbergen 
during  the  tolar  proton  evanta  of  Feb.  6  and  Feb.  14,  1886.  The  VLF  fields 
decreased  by  about  3dB  during  daytime  and  20dB  at  nighttime.  The  solar  x-ray 
burst  intensity,  which  precedes  tha  arrival  of  the  protons  at  the  earth’s  o.bit 
by  a  period  of  hours,  ia  also  displayed. 

Solar  proton  events  (Rafa.  32  and  33)  ara  fairly  common  occurrences  at  any 
time  in  tha  solar  cycle.  Figure  18  shows  tha  observed  probability  of  proton 
flux  as  calculated  from  tha  data  given  in  Raf.  33.  We  may  note  that  one  percent 
of  the  time  the  flux  level  exceeded  2x10*  protons  m*2  sec’1  etr~l.  Figure  20 
shows  the  impact  of  these  protone  in  reducing  the  reflection  height  of  VLF  waves 
at  Thule  (Ref.  31).  Combining  Figures  18  and  20,  one  can  observe  that  one 
percent  of  the  time  tha  Arctic  VLF  reflection  height  is  expected  to  be  reduced 
7km  below  its  expected  level.  Thus  the  tolar  proton  disturbed  ionosphere  must 
be  accounted  for  in  any  882  or  higher  time  availability  pradiction. 

It  it  interesting  to  note  that  the  signal  reductions  of  Figs.  17  and  18 
correlate  with  the  intensity  of  the  highest  energy  protons  which  produce 
ionisation  at  the  lowest  altitudes. 


4.0  ANALYSIS  OF  ARCTIC  PROPAGATION  PROBLEMS 

The  propagation  of  long  waves  across  icecapa  and  tea  water  were  considered 
by  Field  at  al  (Reft.  34,33)  and  by  Koasay  at  al  (Ref.  36)  during  ambient 
conditions  and  polar  cap  absorption  events.  Figure  21  thowa  tha  electron  and 
ion  density  profilea  similar  to  thoee  considered  by  Field.  Field’s  ambient  day 
profile  hat  a  toft  or  diffuse  ionospheric  lower  boundary  ae  exhibited  by  the 
electron  density  curve.  Field’s  PCAl  and  PCA2  profiles  have  a  much  sharper  and 
lover  election  density  profile.  This  lowering  of  the  electron  density  profile 
during  a  FCA  causes  somewhat  increased  attenuation  because  of  the  greater  number 
of  reflections  between  ionosphere  and  ground  needed  to  go  a  specified  distance. 
However,  this  ia  largely  counterbalanced  by  the  increase  in  the  ionosphere 
reflection  coefficient  because  of  the  sharpening  of  the  ionospheric  boundary. 

The  strong  absorption  during  a  Polar  Cap  Absorption  Event  over  an  ice  cap 
requires  the  presence  of  a  greatly  enhanced  level  of  icaiixation  present  as 
positive  and  negative  ions  below  the  level  of  the  electron  ionosphere.  The 
attenuation  rate  versus  frequency  curves  calculated  by  Field  for  ambient  day, 
PCAl  and  PCA2  over  an  ice  cap  are  shown  on  Figure  22  which  also  include  the 
attenuation  rate  curves  used  in  the  empirical  VLFACM  program  for  ice  cap  and 
arctic  land.  We  note  that  the  attenuation  rstea  of  Field  for  an  ice  cap 
condition  exceed  those  of  the  VLFACM  program  by  about  3dB/Mm.  Since  there  is 
approximately  1 . «Mm  of  ice  cap  between  NAA  Cutler,  Maine,  and  Spitsbergen, 
Svalbard,  the  increase  in  attenuation  rate  can  nearly  account  for  the  lOdB 
discrepancy  in  daytime  field  level  evidenced  in  Fig.  16.  Replacing  the  ice  cap 
attenuation  rate  in  the  VLFACM  program  by  those  of  Field,  we  calculate  the 
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theoretical  received  strength  pattern  shown  In  Fig.  IS.  When  we  replace  the  lea 
cap  attenuation  rata  by  the  PCA2  attenuation  rates,  we  gat  the  predlctiona  shown 
In  Fig.  24  which  era  contrasted  with  Field  strength  data  obtained  during  the  PCA 
event!  of  February  19B7.  We  aae  that  the  utiliaatlon  of  the  ice  cap  attenuation 
rate  curvea  of  Field  in  the  TLFACM  progren  greatly  improves  the  theoretical 
agreenent  with  the  fepteaber  1983  gpitabergen  eabient  dey  aeaaureaenta .  The 
February  196*  polar  cap  abaorptlon  aeaaureaente  are  reproduced  fairly  well  by 
ualng  Fitld’e  FCA2  attenuation  rata. 


5.0  CONCLUSIONS 

The  preat.it  paper  haa  outlined  cone  current  probleaa  in  longwave  propagation 
predlctiona  and  pointa  the  way  to  aona  progreaa.  The  randoa  nature  of  the 
propagation  channel  haa  been  diaplayod  for  both  temperate  and  arctic  propagation 
conditiona . 
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Flgura  t.  Obatraad  ind  predicted  fiaidt  at  Valaa,  Alaaka, 
during  tha  111)  aultif  raa^sncjr  axparlaanta  of  tha  MVC 
tranaalttar- 
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NWC-^  BAHREIN 
NIGHT 


Figure  11.  Observed  end  predicted  fields  et  Bahrein  during 
the  1967  mul t i f requency  experiments  of  the  NVC 
transmitter. 


NWC-»*  JAPAN 
NIGHT  (1600) 


Figure  12.  Observed  and  predicted  fields  at  Inubo.  Japan, 
during  the  1967  aultif requency  experiment  of  the  NVC 
transmitter . 
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Figure  13.  Observed  and  predicted  fields  at  Alaska  during 
tha  1967  multifrequency  experiment  of  tha  NWC 
tranaaittar 
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Flgura  14.  Observed  and  pradlctad  flalda  at  tha  Philippina 
during  tha  1967  aultif requency  experiment  of  tha  NVC 
transmitter . 


Figure  IS.  Relative  field  strength  versus  location  measured 
on  the  Lept,  20,  1965,  flight  from  Sondres tromf J ord , 
Greenland  via  Nord,  Greenland,  to  Bardsfost,  Norway. 
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Figure  17.  Plota  of  field  strength  at  Isfjord  Radio, 

Spitsbergen,  Svrlbard  along  with  tiaultaneous  solar  x-ray 
and  proton  flux  data.  Proton  flux  units  are  protons/ (cm* 
sec  ster  MeV).  The  upper  x-ray  flux  curve  is  the  1  to  8 
Angstrom  channel.  The  lower  x-ray  flux  curve  is  the  .S 
to  4  Angstrom  channel  of  the  GOES  satellite  data.  X-ray 
flux  in  watts/a2. 


is  the  X  to  8  Angstrom  channel.  The  lover  x-ray  flux 
curve  is  the  .5  to  4  Angstrom  charnel  of  the  GOES 
aatellite  data.  X-ray  flux  vatts/a2. 
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PROBABILITY  THAT  FLUX 
IS  LESS  THAN  AMOUNT  SHOWN 


Figure  19.  Probability  of  occurrence  of  solar  proton  flu* 

levels  in  the  11  to  30  MeV  channel  of  the  IMP-8  satellite 
proton  detector.  Data  taken  from  Oct.  30.  1973.  to  July 
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figure  20.  Scatter  plot  of  apparent  reflection  height  of 
lover  ionoaphere  at  Thulo,  Greenland,  for  16kHx 
rediovevee  during  tolar  proton  iventi  plotted  vtnui 
intensity  of  tolar  proton  flux  in  1J-25  MeV  energy  range 
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Figure  21.  The  mi  at  Figure  11  except  the  signal  level 
predictions  ere  tram  a  aodified  VLFACM  procraa  ueing 
Field's  ice  cep  ettenuetion  rates. 
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Figure  24.  coapariton  of  theoretical  end  observed  data 

during  the  PCA  of  February  lb(t.  Theory  it  a  Modified 
VLFACM  prograa  usiny  Field's  FCA  ettenuetion  rate  for  the 
FCA  disturbed  deya  and  a  itodifieJ  VLFACM  prograa  using 
Field's  aabient  day  ice  cap  attenuation  rate  for  the 
undiaturhed  days. 
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DISCUSSION 


K.C,  Yah,  US 

You  mentioned  chat  It  la  desirable  to  introduce  randomness  In  tha 
analysis  of  Ions  wave  propagation.  Can  you  daaclrba  Juat  what  thaaa 
random  paramsters  arat  Are  thay  tha  coaat  llnaa,  tha  conduct ivltlaa 
of  tha  ocaan  varaua  thoaa  of  tha  land,  tha  ionospheric  condttlona  or 
tha  affacta  of  CPA  on  tha  ionoaphareT 

Author'a  Reply 

Wa  naad  a  battar  undaratandlng  of  tha  affactiva  ground  conductivity 
and  dlalacttlc  conatant  aa  a  function  of  frequency  In  land  araaa.  Wa 
alao  naad  to  undaratand  tha  variability  ot  tha  ground  paranatara 
cauaad  by  rain,  tanpaiatura,  vegetation  and  lea.  Long  wavaa  nay 
panatrata  affective1 v  hundrada  of  faat  into  low  conductivity  aoil  and 
thouaanda  of  faat  through  gladara;  ao  tha  paranatarltatlon  of  earth 
propartlaa  to  aigniflcant  daptha  la  required.  Wa  believe  that  tha 
aaa  aurface  la  quite  hoaoganeoua  except  in  baya  where  tha  aalinity  la 
dacraaaad  and  in  ice-covered  polar  aaaa. 

Wa  naad  a  battar  understanding  of  the  lonoapharlc  boundary  of  tha 
waveguide.  For  both  day  and  night,  wa  naad  a  battar  understanding  of 
tha  background  composition  of  tha  neutral  atmosphere  from  AO  km  to  90 
km  height  —  especially  of  tha  chemicals  O3 ,  HjO,  and  NO.  To 
understand  these  constituents,  wa  must  take  tha  atmospheric  wind 
system  into  account.  For  daytime,  we  naad  a  battar  understanding  of 
tha  statistics  of  solar  and  stellar  X-ray  and  ultraviolet  radiation 
(especially  Lyman-alpha) .  Wa  also  need  a  battar  understanding  of  the 
PCA  process,  the  statistical  probability  of  these  events,  and  their 
extent  in  latitude  and  longitude  as  a  function  of  magnetic  time 
coordinates,  and  aa  a  function  of  intensity  of  magnetic 
disturbance.  The  precipitation  of  electrons  from  the  Van  Allen  belts 
neeua  better  understanding  to  explain  the  variation  of  the  long  wave 
signal  at  nighttime  over  temperate  sone  paths.  We  also  need  to  know 
the  variation  of  scattered  Lyman-alpha  from  the  jJi.>corona. 

In  the  prediction  of  paths  crossing  discontinuities  in  the  waveguide 
such  as  a  land-sea  boundary,  or  day-night  terminator,  improvement  is 
certainly  needed.  Current  models  are  one-dimensional  and  should  be 
enlarged  to  taka  into  account  the  focussing  and  defocusslng  of  waves 
crossing  curved  (and  fractal)  coastlines  or  terminators. 

So,  in  short,  almost  all  of  our  boundary  conditions  are  statistical 
in  nature;  and  they  are  currently  being  modeled  deterministically  to 
a  large  extent  —  except  for  the  few  studies  mentioned  in  my  paper. 

J.F.  Patricio,  P0 

English  translation 

There  are  networks  in  service  chat  work  at  10  kH«,  10  MHx ,  100  kHs 
(LORAN  C)  and  reference  stations  at  60  kHs,  72  kHs,  etc.  Was  the 
information  obtained  from  these  install*  ions  useful  for  your  work? 

Author's  Reply 

We  utilise  field  strength  and  voice  measurements  of  these  navigation 
systems  whenever  it  is  available.  However,  it  is  not  often  available 
because  of  the  great  emphasis  f  the  navigation  system  developers  are 
phase  or  time-of-errival  measurements.  Often  they  do  not  give  great 
emphasis  on  making  well-callbraced  signal  amplitude  measurements 
because  of  the  extra  effort  required  for  such  measurements.  However, 
wc  have  about  A0  10.2  kHs  Omega  propagation  paths  included  in  our  NRL 
long  wave  data  base,  and  we  would  be  happy  to  include  data  on  Decca, 
Loran  or  Omega  field  strength  measurements  if  they  are  well 
calibrated  and  available. 


NODI  LI  HQ  OF  HI  DO  AND  HP  CHANNELS 


JIM 


Martin  Nasanbarga 
U.S.  Department  of  Commerce 

National  Telecommunication*  and  Information  Admin]  strati'” 
Institute  for  Telecommunication  Solano** 

325  Rrosdway 
DouXdap,  CO  80303 

USA 


SUMMARY 

Laboratory  simulation  of  wideband  high  frequency  (HP)  syatt*  performance  la 
ourmntly  not  poaalbla  beoeust  such  alaulatora  do  not  wslat.  Moreover,  thara  ara  no 
validated  HP  ohannal  aodala  for  bandwidth*  of  tha  ordar  of  ona  magahorta,  on  whloh  to 
baaa  Mit  simulator  daaltn. 

rhta  papar  start*  with  a  vary  hrlaf  review  of  additlva  distortion*,  naaaly  nolaa  ard 
lntarfaranoo,  In  tha  HP  band.  It  praaanta  an  introduction  and  an  appraisal  or  paat 
narrowband  HP  aod*la«  thalr  background,  validation  tarta,  and  tha  NTIA/ITS  davalopaant 
or  tha  Vattaraon'a  aiaulator.  That  laboratory  tool.  Judged  boat  by  aany,  works  in  raal 
time  and  offara  accurate  rapraaantationa  of  HP  channel  bandwidth  up  to  IS  or  12  kHa.  In 
tha  praaant  atudy  an  extenalon  to  wideband  aodala  la  attempted.  Unfortunately,  it 
auffera  froa  an  apparantly  aarloua  ahortaga  of  measured  data  for  tha  tiaa-varylng 
channel  tranafar  function.  A  poaalbla  wideband  nodal  la  hypothaalaad,  oonjeeturea  are 
made,  aany  quaatlona  ara  ralaed,  but  hardly  any  ara  arawarad.  On*  la  left  faoad  with  a 
raqulraaant  for  an  experimental  prograa  that  la  to  aaoartaln  tha  wideband  (1  MHa  or 
more)  uharaotarlatloa  of  aultlpnth  fading  for  digital  radio  tranaalaaiona  in  tha  HP  band 
(2  to  30  MHa)  and  over  propagation  patha  of  lntaraat. 


1 .  INTRODUCTION 

To  help  in  tha  apraad  apactrua  system  davalopaant  and  laboratory  taatinc,  a  real- 
tiaa  channel  aiaulator  oan  be  a  valuable  tool.  For  ayataaa  in  the  high  frequency  band, 
the  dealred  bandwidth  or  tha  aiaulator  auat  be  on  tha  ordar  of  1  MHa  to  aoooaaodate 
planned  direct  aequenoe,  frequency  hopping,  or  thalr  hybrid  ayataa*. 

Given  tha  objaotlve  to  laplaaant  a  convincingly  realistic  alaulatlon  facility,  the 
key  quaatlon  ooncarna  the  atruotural  option*  for  tha  aiaulator.  Qna  call*  thla  tha 
laaua  of  aodellng.  After  all,  every  aiaulator  la  baaed  on  aoae  oonoaptual  mod*i--oall 
It  aathaaatloal,  atatlatloal,  atorad  databaaa,  atata  driven,  or  an  engineering 
approximation.  That  aodal  auat  ba  a  valid,  experlaentally  verified,  rapraaantatton  or 
tha  raal  aedlua.  For  HP,  the  only  auffiolently  verified  aodala  known  to  thla  writer  (wa 
ahall  return  to  thaaa  ahortly)  pertain  to  narrowband  channel*.  Thaaa  are  channel*  with 
bandwidth*  on  the  ordar  of,  or  laaa  than,  10  kHs.  Por  larger  bandwidth*,  auoh  aa  100 
kHi  or  higher,  there  apparantly  la  no  oorreapondlng  validated  aodal. 

Ona  ahould  quaatlon  how  and  why  auoh  a  atata  of  affalra  oould  exist.  After  all,  HP 
coaaunl cat Iona  have  axlatad  for  aoat  of  thla  century.  Thouaanda  of  HP  olroulta,  analog 
and  digital,  ortaaoroaa  tha  globe  every  hour.  Paat  reports  on  axpariaantal  and 
thaoratloal  raaaarch  abound.  Rofaranoaa  to  aora  than  ona  thousand  atudlea  have  bean 
collected  before  I960  [1].  Thara  aay  ba  a  eoablnatlon  of  reasons  for  thla  apparent 
neglect  or  wideband  HP  character taation.  Plrat,  nearly  all  working  olroulta  at  HP  are 
quit*  narrowband.  They  occupy  no  aora  than  tha  atandard  3  kHs  vole*  band  and  uaually 
laaa.  Second,  the  atratagy  to  ooabat  HP  aiabahavlor  has  bean  to  rely  on  huaan  operator 
akllla.  Pradlotlona  and  froquonoy  awl  tailing  option*  are  In  tha  hand*  or  operators. 
Third,  a  largo  paroantaga  of  the  HP  propagation  tests  has  bean  devised,  performed,  and 
analysed  by  Individual*  whoa*  main  Intent  has  been  and  still  la  to  understand 
lonoapharlo  phyatoa.  Fourth,  tha  HP  channel  la  by  and  large  unpredictable,  randomly 
tin*- varying,  with  auddan  variation*  froa  tia*  to  tla*  aa  wall  a*  froa  place  to  place. 
Its  complex,  nonatationary,  nature  only  bocoaos  aora  ao  as  on*  asaalnas  wider 
bandwidth*. 

The  aoat  basic  aodal  of  currant  ralavano*  la  the  tiaa-varying  linear  channel.  It  is 
graphically  Introduced  In  Figure  I.  Por  the  purposes  of  thla  study,  it  la  aaauaad  that 
tha  basic  aodal  of  a  linear  time-varying  filter  plus  additive  noise*  or  interference 
raaaina  valid  ror  the  HP  radio  signal  path  between  antennas,  ragardlaaa  of  the  tlaa-and- 
fraquanoy  oharaotarlatlca  of  tha  signal. 

The  fading  of  the  ttaa-varylng  HP  aedlua  la  dataralnad  hy  tha  two-dimensional  random 
function  H(f,t).  In  alactronte  olroult  applications  on*  aay  b*  faalllar  with  the  fixed 
filter  and  Its  Invariant  fraquaney  response,  H(f).  Por  tha  HP  ohannel  to  b*  raprasantad 
by  a  filter,  on*  auat  paralt  the  riltar  to  poaaaaa  an  unpradlotabl*  or  random  variation 
In  tla*.  On*  incorporate*  thla  phenomenon  Into  H(f,t)  via  the  sarond  arguaant  "t." 
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Figure  1.  The  linear  time-varying  channel  model. 

The  transfer  function,  n(f,t),  Is  a  sun  of  all  propagation  modes  experienced  by  the 
radio  waves.  Thus,  one  oust  be  cognizant  of  the  physical  multimode  or  multipath  aspects 
of  HF  propagation.  At  a  given  radio  frequency,  wave  reflection  can  take  place  at 
several  regions  or  layers  In  the  ionosphere.  These  are  oalled  the  D,  E,  F,  71,  F2,  and 
other  regions.  Aotual  layer  profiles  vary  In  Intensity,  In  time,  in  space,  and  are 
subject  to  unpredictable  solar  and  geophysical  events.  Certain  layers  may  or  may  not  be 
visible  to  all  frequencies,  or  all  antenna  beam  elevations  of  Interest.  Moreover, 
multihop  propagutlon  may  ooour  over  longer  distances.  As  is  well  known,  the  number  and 
character  of  received  modes--whlle  seldom  completely  random--nevertheless  do  vary  In  a 
hard-to-predlot  fashion.  For  HF  paths  In  moderate  zones  the  number  of  wdes  can  range 
from  zero  to  a  half-dozen. 

Radio  probes,  oalled  sounders  or  lonosondes,  have  been  useful  to  determine  the 
presenoe  of  lonoapherlo  layers  and  their  return  signatures  C 2 , 3 , H 'J .  Either  vertical-  or 
obi lque-lnoldenoe  sounders  are  used  to  transmit  short  pulses  at  different  frequencies 
and  to  analyze  the  delays  and  amplitudes  of  their  echoes.  The  generated  plots  of  delay 
versus  frequency  are  known  as  lonograms.  An  Illustration  Is  given  In  Figure  2.  Several 
modes  are  present  In  this  lonogram.  However,  the  effective  frequency  range  is  limited 
between  the  lowest  usable  frequency  (LUF)  and  the  maximum  usable  frequency  (MUF) . 
Frequencies  outside  the  range  are  lost  through  either  total  absorption  or  radiation  that 
escapes  into  spaoe.  Within  the  LUF-MUF  range  several  returns  from  E,  F,  or  other  layers 
ere  noted.  The  higher  raya  travel  longer  dletancea.  They  Buffer  longer  delays. 
Furthermore,  due  to  magneto-lonlc  Interaction,  Individual  modes  may  be  split  Into  two 
raya  that  traverse  slightly  different  paths.  These  are  denoted  as  Ordinary  (0)  and 
Extraordinary  (X)  rays.  Usually,  the  more  pronounced  0-X  splitting  takes  place  at 
higher  frequencies,  such  as  near  and  Just  below  the  Junction  rrequenoy  (JF).  The 
biggest  signal  distortion  due  to  Interference  of  delayed  modes  tends  to  occur  when  the 
delay  spread  between  two  strong  modes,  often  between  the  High  and  the  Low  Ray,  is  the 
largest.  This  occurs  at  the  so-called  critical  frequency  (CF). 


USABLE  REGION 


FREQUENCY  (MHz) 


Figure  2.  lonogram  terminology. 
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2.  NOISE  AND  INTERFERENCE 

The  olaesloal  modal  fcr  thermal  noise  Is  that  of  a  random  wideband  prooeaa  with 
Oauasian  atatlstlos.  It  (xlata  In  all  narrowband  and  wideband  HF  radio  systems. 
However,  it  la  neither  the  only  nolae  nor  la  It  alwaya  the  doalnant  additive 
diaturbanoe.  The  reoelvlnf  antenna  la  typically  subjected  to  a  group  of  natural  and 
man-aade  noises  or  lnterfer tnoes.  The  relative  Intensities  are  Illustrated  In  Fig.  3. 

In  aany  seotions  of  tl.e  globe  the  doalnant  HF  nolae  may  be  aan-aade  [5,6,7],  It 
depends  on  the  presenoe  of  eleotrloal  machinery  and  spark-generating  devloes.  As  seen, 
the  emissions  froa  solar  and  oosmlo  origins  are  less  than  those  from  median  business 
areas.  Their  intensity  deoreases  gradually  as  one  goes  to  higher  radio  frequencies. 
That  Is  not  always  the  case  with  ataoapherlo  or  thunderstorm  generated  noise.  The 
atmospheric  noise  can  be  most  severe  at  night  and  at  the  very  lowest  frequencies  In  the 
HF  band. 

The  accepted,  more  or  less  standard,  model  for  all  doalnant  nolae  emissions  In  the 
HF  band  Is  the  weighted  sum  of  Gaussian  plus  impulsive  processes.  Classifications  have 
been  done  to  Identify  and  to  distinguish  different  mixes  of  the  two  components.  Another 
additive  disturbance  Is  radio  interference.  It  can  be  Intentional  or  unintentional, 
local,  or  propagated  as  long  a  dlstanoe  as  the  existing  HF  modes  would  permit.  Jamming 
le  an  example  of  Intended  destructive  Interference.  It  may  take  the  fora  of  single  tone 
continuous  wave,  high  power  pulses,  broadband  modulated  oarrler,  swept  frequencies,  or 
other  Intentionally  harmful  waveforms.  Due  to  their  unique  nature,  standardization  of 
all  interf erenoe--espeelally  that  of  Intentional  lnterf erence--appears  Impossible. 
Interference  should  be  modeled  on  a  case-by-case  basis. 

3.  NARROWBAND  HF  MODELS 

Several  HF  channel  simulators,  based  on  different  narrowband  ohahnel  models,  have 
been  Implemented  In  the  United  States.  References  to  their  designs  and  oharacterlsttos 
are  found  scattered  through  the  technical  literature  of  the  last  20  years.  As  an 
example  see  [8].  We  will  not  review  them  here,  because  1)  next  we  do  present  a 
discussion  of  the  Watterson  channel  model,  2)  the  capabilities  of  the  other  known 
simulators  are  not  superior  to  those  of  the  Watterson  scheme,  3)  all  the  other  models 
are  Inherently  narrowband  In  that  their  parameter  settings  are  constants,  and  k)  none  of 
the  other  models  appear  as  well  validated  and  documented  as  Is  the  Watterson  model. 


(FROM  CCIR  Rep. 


A-Atmoapheric  noise,  value  exceeded  0.5*  of  ; 
B-Atmospheric  noise,  value  exceeded  99.5*  of 
OMan-made  noise,  quiet  receiving  site; 
D=Galactic  noise; 

E-Median  business  area  man-made  noise; 

—  =  Minimum  noiBe  level  expected. 


:ime; 

time; 


FREQUENCY  (MHz) 


Figure  3.  Relative  power  spectral  densities  of  HF  noise  sources. 
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The  Watterson  Model 


Around  1970,  the  Institute  for  Telecommunication  Solenoee  in  Boulder,  Colorado, 
developed  an  HF  ohannel  model,  established  the  validity  and  the  aoouraoy  of  the  model  In 
extensive  field  tests.  Implemented  a  corresponding  HP  ohannel  simulator,  an>  used  the 
simulator  to  run  laboratory  performance  tests  on  digital  HF  modems  In  a  nont rolled  and 
repeatable  manner.  Since  the  entire  program  was  performed  by  C.C,  Watterson  and  his 
colleagues  (9  to  121,  the  model  and  the  simulator  are  often  called  the  Watterson  model 
and  Watterson  simulator,  respectively.  What  follows!  Is  a  brief  summary  of  that  model. 

In  prlnolple,  the  ohannel  model  Is  a  stationary  realisation  of  the  unequal  tap 
spaced  tapped  delay  line  (TPL)  with  tlme-funotlon  multipliers  that  generate  the  time,  or 
t,  dependence  In  H(f,t).  The  key  entitles  of  the  model  are  Included  In  the  following 
expression  for  the  time-varying  ohannel  frequency  response! 

H(f,t)  =  £°l(t)  exp(-J2**if>.  (1) 

1 

Here  summation  over  1  corresponds  to  the  preaenqb  of  the  multiple  or  1«1,2,3 . 

multipath  signal  returns.  The  exponential  term  exp(-J2»Ttf)  represents  the  delay  line 
function  with  a  tap  set  at  delay  v*.  Physically,  vt  is  the  constant  path  delay  for  path 
1.  The  explicit  purpose  of  the  time-variant  fsrtors  oj(t),  l*1,2,3,-..>  is  to  generate 
different  time- frequency  olgnal  energy  soatter  :*Dr  every  path  1  through  the  Ionosphere. 
When  a  factor  Is  a  random  function.  Its  power  spectrum  exhibits  Doppler  shifts  and 
spreads.  Multiplied  onto  every  tapped  signal,  these  modal  spectral  distortions 
eventually  appear  in  the  summed  output  signal  y(t).  Single  modes  are  also  known  to 
undergo  delay  distortions.  If  the  delay  characteristic  of  a  mode  Is  a  rapidly  changing 
funotlon  of  frequency,  one  talks  of  It  as  Fhe  differential  delay  spread.  In  other 
lnstanoes,  delay  spreading  may  be  due  to  some  unresolved  fine  structure  within  the  mode. 
In  both  oases,  at  a  given  radio  frequency,  signal  snergy  can  be  variously  dispersed  In 
the  time-frequency  plane  of  the  Watterson  model  by  selecting  appropriate  random 
multiplicand  functions  for  the  taps. 

A  block  diagram  Implementation  of  H(f,t)  from  Eq.(l),  plus  appropriate  noise  and 
Interference  generation,  la  Illustrated  In  Figure  4.  There  are  several  features  to  be 
noted  In  this  model.  First,  only  the  desired,  delayed,  and  scattered  signal  is  passed 
through  the  delay  line.  If,  for  instanoe,  the ^propagation  path  is  sufficiently  short 
for  the  given  radio  frequency,  the  receiver  may  Jen  a  significant  nonfading  ground  wave. 
The  nonfading  component  la  called  speoular,  to  distinguish  it  from  the  fading  soatter 
components  that  may  or  may  not  be  present.  Typloal  speoular  components  are  the  earliest 
to  arrive  at  the  receiver.  In  the  model,  therefore,  they  can  be  realized  Just  before 
the  signal  enters  the  delay  line.  No  TDL  taps  are  Involved.  Speoular  components  by 
themselves  also  undergo  Insignificant  amounts  of  fade-related  distortions.  Therefore  a 
constant  gain  setting,  Instead  of  the  complicated  ei(t)  function  generators  plus 
multipliers,  suffices  for  the  specular  oomponent  In  the  Watterson  model. 


Figure  4. 


Block  diagram  for  simulation  of  dual  diversity  reception 
of  a  ground-  and  sky-wave  mix. 
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Eaoh  tap-gain  funotlon,  o*(t),  la  a  complex  funotlon  that  appllaa  uniformly  (l.a., 
with  constant  first  and  second  sosants)  ovar  tha  antlra  channel  bandwidth.  Otherwise, 
however,  It  Is  a  randoa  funotlon  of  tlae  and  with  oertaln  preassigned,  stationary, 
statistical  properties.  Speolf loally ,  eaoh  tap-gain  funotlon  Is  an  Independent 
bivariate  (oomplex)  Oauaalan  funotlon  with  zero  aean  and  quadrature  ooaponente  that  have 
Identical  varlanoaa.  In  their  effect  on  soatter  node  amplitudes,  suoh  multiplicands 
oause  independent  Rayleigh  fading. 

Every  tap-gain  funotlon,  In  general,  Is  peraltted  to  possess  a  double-peaked 
speotrua.  The  peaks  represent  the  previously  aentloned  o-and-X  ray  splitting  due  to 
magneto- lonl o  effects.  The  two  spectra  In  question  have  Qausslan  shapes  with 
Individually  adjustable  gains  (amplitudes) ,  independent  frequency  shifts,  as  well  as 
frequency  spreads.  The  HF  ohannel  effects  on  the  transaitted  signal  phase  are  thus 
determined  by  the  total  affects  of  the  prescribed  Gaussian  processes.  Of  course,  the 
rapidity  of  phase,  as  well  as  amplitude,  fluctuations  is  also  afreetad  by  ohannel 
bandwidth  aaaignaents.  Typioal  bandwidth  filter  settings  fo r  this  narrowband  model 
range  up  to  12  kHt. 

Undesired  signals,  l.e..  Interference,  also  bypass  the  delay  line,  but  nay  be 
subject  to  the  tlae-funetlon  multiplicative  effeots.  For  sky-wave  channels,  the  number 
of  aultlpliers  la  nonlnally  the  same  as  the  number  of  taps  and  also  the  same  as  the 
nuaber  of  multipath  modes,  granted  that  the  simulated  receiver  Is  to  be  of  the 
nondiversity  type.  Any  order  or  type  of  diversity  Is  permitted  by  the  model.  However, 
only  dual  diversity  has  been  fully  implemented  In  the  laboratory.  This  seems  quite 
adequate  for  the  majority  of  HF  systems  to  be  tested.  If  the  number  of  available 
multipliers  Is  fixed,  the  effect  of  the  slapleat  dual  diversity  Is  to  reduce  the  number 
of  HF  ohannel  modes  by  two.  Diversity  oonblnlng  techniques  or  related  processing  are 
not  parts  of  the  Hatterson  model.  However,  additive  distortions  consisting  of  Gaussian 
noise  and  Impulsive  components  are  summed  Into  the  output. 

From  the  narrowband  channel  oharaoterlsatlon  point  of  view,  the  most  essential 
features  are  associated  with  the  delay  taps  and  their  processing.  The  model  assumes 
that,  while  the  number  of  taps  (l.e.,  modes)  can  be  aeleoted  and  their  settings  (l.e., 
delays,  etc.)  adjusted,  this  all  must  be  done  In  preparation  for  a  simulation  run. 
During  a  run  the  settings  remain  fixed,  as  Is  required  by  statlonarlty.  Similar 
statistical  principles  apply  to  the  selection  of  the  time-varying  multipliers,  called 
tap-gain  functions  by  many.  Then,  however,  based  on  experimental  evidence  and 
theoretical  conclusions,  the  speotral  and  temporal  distributions  must  be  specified 
through  an  assignment  of  means  and  varlanoes  to  predetermined  component  types.  For 
ci(t),  these  components  are  typloally  approximations  or  the  Gaussian  distribution. 

Table  1  Is  a  summary  specification  of  the  numerloal  values  available  on  the 
Watterson  HF  simulator.  It  must  be  emphasized  that  the  Implementation  of  this  unique 
laboratory  test  instrument  represents  conservative,  moderately  praotloal,  state-of-the- 
art  engineering  olroa  1970.  For  less  resources,  more  can  be  procured  now  in  terms  of 
parameter  ranges,  accuracy,  and  other  overall  measures  of  performance.  Many  parameter 
lnaoouraoles  listed  In  Table  1  are  probably  extremes,  in  that  they  are  deduced  from 
estimated  largest  possible  equipment  errors.  The  specular  and  soatter  path 
attenuations,  in  decibels,  have  the  indicated  accuracies  over  the  range  normally  used. 

Proceeding  from  the  top  down  In  the  Watteraon's  simulator  specification,  one  finds 
first  the  three  standard  options  for  bandwidth.  They  are  3,  6,  and  12  kHz, 
respectively.  The  maximum  number  of  paths  (viz.,  modes  or  taps)  Is  4.  Tha  delay 
settings  for  taps  are  selectable  constant  values  In  20-us  steps  over  a  quite  realistic 
Interval  from  0  to  10  ms.  Note  that  this  would  normally  exclude  frequenoy-dependtnt 
delays  and  associated  differential  delay  spreads.  To  avoid  this  shortcoming  for  lower 
frequencies,  the  HF  simulator  Is  supplied  with  dispersion  filters  that  can  be  Inserted 
In  any  path  between  the  delay  line  tap  and  the  path  gain  multiplier.  The  dispersion 
filters  are  all-pass  filters  with  a  delay  characteristic  linear  In  frequency. 

By  going  down  row  by  row  in  Table  1,  one  finds  numerloal  specification  for  the 
previously  introduced  parameters  of  the  model.  A  more  detailed  explanation  of  their 
features  appears  unnecessary  here.  Interested  readers  will  find  comprehensive 
descriptions  In  the  list  of  references  [9  to  12].  However,  one  may  rota  that  the  model 
admits  both  Gaussian  and  atmospheric  noises  at  continuously  preset  slgnal-to-nolse 
ratios,  and  with  controlled  impulsiveness  coefficients.  Likewise,  the  model  permits 
exterior  signal  Interference  at  fixed  slgnal-to-lnterferenoo  levels.  At  the  very  bottom 
or  the  table  one  finds  two  possible  Internal  distortion  souroes,  both  less  than  minus  70 
dB  relative  to  the  slgnal-to-noise  ratio.  They  appear  to  be  due  to  A/D  conversion  and 
occasional  clipping.  However,  minus  70  dF  appears  so  minute  compared  with  ordinary  HF 
fluctuations  as  to  render  their  detrimental  effect  as  entirely  negligible. 

Model  Validation 

Even  for  narrowband  HF  ohannels,  the  verification  of  a  given  model's  validity  or 
aoouracy  of  fit  is  considered  important  for  ordinary  data  transmission.  When  faced  with 
more  advanced  systems,  especially  those  with  designs  or  algorithms  that  depend  on 
proposed  ohannel  simulation,  tha  question  grows  In  slgnlf ioanoe.  After  all,  the 
substantial  advantages  promised  by  laboratory  simulator  teets  over  on-the-air 
experiments  may  be  entirely  erroneous,  unless  it  is  ascertained  how  accurately  the  model 
(on  whloh  the  simulator  Implementation  Is  based)  represents  the  real  HF.  While 
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Table  1.  Watterson'a  Channel  Simulator  Specif loatlons 


Parametsr 

Available  Values 

Accuracy 

Bandwidth,  B 

3,  6,  or  12  kHz 

— 

Number  of  Paths,  n 

4  maximum 

— 

Delay, 

0  to  10  ms  in  20-ps  steps 

o.5  m 

Dispersion, 

0,  -100,  -220,  ard  -320  ps/kHz 

2  X  10"2 

Specular  Atten.,  Aj 

C  to  100  dB  continuous 

0.2  dBf 

Specular  Phase, 

continuous  (modulo  2x) 

0.01  rad. 

Scatter  Atten.,  Xj 

0  to  100  dB  continuous 

0.2  dB* 

Frequency  shift,  vj 

Int.  Synthesizer:  0,  ±1,  ±2,  or 
±5  x  .01,  .1,  1,  10,  or  100  Hz 

1  x  10-1* 

Ext.  Synthesizer:  -500  to  500  Hz 
in  1 -mHz  steps 

i 

1  x  10“6 

Frequency  Spread,  2<n 

Each  Path:  1,  2,  or  5  x  .01,  .1, 

1 ,  10,  or  100  Hz 

2  x  10~2 

One  Path:  1.00,  1.33,  1.78,  2.37, 
3.16,  4.22,  5.67,  or  7.50  x  .01 , 

2  x  10"2 

.1,1,  10,  or  100  Hz 

Fading  Spectrum,  v^(v) 

3-pole  approximation  of  Gaussian 

<0.03  dB* 

Signal  to  Noise,  Eb/Nd 

-100  to  +90  dB  continuous.  Gauss. 

0.2  dB+ 

Atmos . 

0.5  dBt 

Atmospheric  Noise 

HF:  7.2  dB  in  2.7  kHz 

-- 

Impulsiveness,  Vd 

LF:  10.8  dB  in  2.7  kHz 

— 

LF:  9.0  dB  in  2.7  kHz 

— 

Signal  to  Interf.,  S/I 

-100  to  +90  dB  continuous 

0.2  dB* 

Spaoe  Diversity 

Single  or  Independent  dual 

— 

Internal  Distortions: 

Additive 

<  -70  dB  relative  to  slgnal+noise 

— 

Nonlinear 

<  -70  dB  relative  to  slgnal+noise 

'•'Over  range  of  significance  *  Theoretical 


measurements  of  the  lonoapherio  channels,  auoh  as  the  lonograa  generating  sounders,  have 
been  made  over  the  last  50  years,  many  detailed  propertied  were  not  available  before 
Watteraon's  work. 

The  aodel  verification  experiments  by  Watterson  took  place  In  November  of  1967 
L9.10J.  They  were  preoeded  by  preparation  and  testing  of  the  equipment  to  support  test 
bandwidthe  of  12  kHz  or  higher.  The  transmitting  system  was  installed  at  Long  Branoh, 
<l10 *13,N.  90*01 'll).  The  reoelver  was  located  in  Boulder,  Colorado  (40*08'N, 
105  14  W).  The  propagation  path  has  a  great-oirole  distanoe  of  1,294  km.  It  is  at  a 
very  moderate  latitude  and  displays  a  nearly  perfect  east-to-west  orientation.  Two 
assigned  frequencies  of  5.864  MHz  and  9.259  MHz  were  used  for  night  and  daytime 
operation,  respectively.  In  both  oases,  the  radio  frequenoy  was  sufficiently  below  the 
predicted  Mur  to  make  It  likely  that  both  one-  and  two-hep  modes  would  be  present. 
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In  on*  reported  experiment  th*  link  was  op*r*t«d  continuously  In  thr**  separate  t*st 
periods.  Over  7  hours  of  r*oord*d  measurements  usr*  obtained  at  night  (5. Bit  HHs)  and 
-  irljr  10  hours  during  daytime  (9.259  HHs).  7h*  raoordad  data  were  subsequently 
saaplad,  r*duo*d,  processed,  and  analyaad  with  varlfloatlon  of  th*  proposed  channel 
aodel  being  th*  aaln  objeotiv*. 

Data  were  divided  into  10-  to  13-alnut*  intervals  called  saaples.  Of  all  the 
saaples  covering  th*  total  17  hours  of  aeasureaent,  about  2  hours  or  12  peroent  was 
found  to  be  approximately  stationary  In  terae  of  fading  rates,  modal  tla*  delays,  and 
average  powers  In  the  nodes.  Three  partloular  staple  Intervals,  designated  as  11,  12, 
and  13  by  Watterson,  reoelved  th*  aost  detailed  analysis  and  produced  the  suaaary  shown 
In  Table  2.  Not*  that  th*  number  of  distinct  nodes,  excluding  the  nagneto-ionlo  or  0-X 
fine  structure,  Is  either  3  or  t.  In  all  oases  the  channel  delay  numbers  reaaln  under  1 
as,  which  is  quit*  noraal.  Th*  Doppler  shifts  and  spreads  are  also  well  behaved.  Their 
aagnltudes  are  saall  fraotlons  of  a  harts.  Th*  ao-oalled  path  tine  spread  measures  the 
erfeotlve  delay  saear  within  a  nod*  and  is  observed  to  range  froa  20  to  100  us.  As 
olalaed  in  th*  literature  and  verified  by  Hatterson,  this  leads  to  definite  conclusions 
about  the  aaxlaua  bandwidth  over  whloh  the  nodal  is  an  aoourate  replication  or  the  real 
ohannel  behavior.  This  "validity  bandwidth"  for  th*  aodel  is  net  a  fixed,  forever 
Invariant,  entity  on  an  NF  olroult.  The  last  row  of  Table  2  reveals  that  all  three 
saaples  have  aarkedly  different  validity  bandwidth*. 


Table  2.  Summary  of  the  Three  Samples 


SAMPLE 

11 

12 

13 

Freouenoy  (MHz) 

9.259 

9.259 

5.86* 

Number  of  Modes 

3 

t 

3 

Channel  Time  Delay  (its) 

137 

173 

589 

Channel  Time  Spread  (pa) 

B78 

520 

*6* 

Channel  Doppler  Shift  (Hz) 

.0013 

.0171 

.110 

Channel  Doppler  Spread  (Hz) 

.123 

.1*0 

.0666 

Path  Time  Spread  (pa) 

20 

30 

100 

Validity  Bandwidth 
for  the  Model  (kHz) 

12.5 

8.3 

2.5 

The  reasons  for  this  distinctive  behavior  are  found  in  the  details  of  the  data 
observed.  These  details,  when  magnified,  show  very  different  structures  for  the  test 
Intervals  II,  12,  or  13.  For  brevity  sake,  we  show  only  II  In  Table  3.  Note  how  the 
three  nodes,  namely  E,  F,  and  2F,  have  different  relative  powers,  tine  delays,  Doppler 
shifts,  and  spreads.  The  aagneto-lonlo  splitting  Into  0-X  components  Is  present  only  in 
the  E-aode.  Of  oourse,  all  of  these  statistics  would  be  expected  to  be  quite  different 
over  other  different  HF  paths,  l.e.,  at  different  frequencies,  or  different  places,  or 
different  tines,  or  even  different  antennas. 

Moreover,  further  analysis  shows  that  the  tap-gain  functions  are  Justified  as 
defined.  It  is  indeed  valid  to  take  then  as  mutually  statistically  independent,  complex 
(bivariate)  Oaussian  randon  processes  at  baseband.  Their  spectral  densities  are  also 
representable  as  olalaed.  They  are  either  single,  or  suns  of  two,  Oaussian  functions. 
To  fit  observations,  these  Gaussian  peaks  oust  ce  permitted  arbitrary  oentral  positions 
(neans)  and  different  spreads  (variances). 
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Tablm  3.  Detail  for  Sample  II 


Parameter 

Vector 


Channel 


Mode 


0-X 

Spilt 


Rel.  Power  (dB) 
Time  Delay  (pa) 
Doppler  Shift  (Kz) 
Doppler  Spread  (Hz) 


*  By  Convention 


O' 

137 

.0013 

.123 


-1.2 

40 

.0094 

.0272 


-4.1 

40 

.0022 

.0073 


-4.3 

40 

.0170 

.0318 


-7.2 

290 

.0089 

.144 


2F 


-13.5 

1139 

-.167 

.340 


Perhaps  the  moot  noteworthy  conclusion  drawn  from  these  validation  tests  Is  that 
under  the  assumed  narrowband  conditions  oertaln  parameters  are  Indeed  constants  for 
workable  Intervals  of  tine  and  over  all  frequencies  In  the  band.  This  Includes  modal 
structures,  l.e.,  fixed  number  of  modes  and  their  0-X  splits,  oonstant  mode  delays, 
oonstant  mode  amplitudes,  oonstant  delay  spreads,  oonstant  Doppler  shifts  and  spreads, 
and  the  total  amount  of  mode  dispersion,  to  mention  the  main  variables.  It  Is  proper  to 
assign  to  them  constant  numerlo  values  over  bandwldths  that  do  not  exceed  12  kHz,  or 
roughly  so.  However,  to  presume  oonstant  values  for  larger  bands  appears  unjustified. 
A  look  at  the  wideband  properties  of  lonograms  only  strengthens  this  susplolon. 

4.  WIDEBAND  HP  MODELING 

The  Approach 

The  extension  of  narrowband  (e.g.,  10  kHz)  channel  models  to  wideband  (e.g.,  1  MHz) 
models  oannot  be  substantiated  by  existing  measured  data  at  this  time.  Nevertheless, 
this  section  does  attempt  to  present  an  approach  to  HF  modeling.  Based  on  extrapolation 
of  narrowband  results  plus  the  latest  wide  bandwidth  measurements  [13,14,15]  and  other 
pertinent  Inferences,  the  approach  Is  both  conjectural  and  factual. 

The  HF  channel  la  not  stationary  over  a  very  long  time.  For  the  ITS  simulator, 
Watterson's  tests  established  a  10-  to  15-minute  window  of  apparent  stationarlty .  What 
happens  when  the  band  la  much  wider  Is  not  too  oertaln.  However,  one  should  expect  no 
novel  nonstatlonarlty  effects  here.  For  10  to  15  minutes,  or  thereabouts,  the  wideband 
ohannel  struotuie  Is  likely  to  be  more  or  less  fixed.  By  that  one  means  that  over  the 
entire  bandwidth  of  Interest,  the  number  of  modes,  their  amplitudes,  their  delays, 
Doppler  spreads,  and  so  on,  could  very  well  retain  constant  profiles  as  functions  of 
frequency.  The  situation  is  as  illustrated  In  Figure  5.  Over  a  sufficiently  long  sky- 
wave  path,  lonograms  are  observed  at  several  3-hour  instances.  When  scrutinized,  they 
show  quite  discernible  differences  from  one  snapshot  to  the  next.  The  operating 
frequencies  increase  as  the  morning  hours  pass.  The  number  of  modes  undergo  changes. 
If  one  focuses  only  on  15  MHz,  one  finds  no  modes  at  0300  and  0600  hours,  five  modes  at 
C900,  and  two  at  1200  (noon).  The  Intermode  delays  are  on  the  order  of  1  ms,  but  their 
systems  effeots  are  unclear  because  the  relative  amplitudes,  Dopplers,  etc.,  are 
unresolved. 
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Figure  S.  Ionogram  snapshots  of  multipath  variation 
over  time  and  wide  bandwidth. 


Whsi  oan  the  higher  resolution  probe  hope  to  reveal  about  the  wideband  ohannel?  The 
answer  oones  in  many  forma.  For  example,  Figure  6  is  based  on  the  premise  that  the 
ohannel  bandwidth  is  2  MHz,  but  that  depending  on  the  time  of  day,  different  2-MHs  slots 
are  utilized.  In  said  slots,  the  multipath  modes  display  a  fine  struoture  of  energy 
(viz.,  amplitude)  soatter  versus  delay  that,  as  suggested  by  Figure  6,  must  somehow  vary 
with  frequenoy.  The  amplitudes  and  widths  of  the  enoountered  distributions  vary.  Some 
modes  expire  in  the  middle  of  the  band,  others  stretoh  across  the  band,  while  yet  others 
merge  or  split  apart  at  certain  Junotion  frequenoies.  But  this  is  far  from  being  the 
whole  story.  The  previously  mentioned  Doppler  effects  must  also  be  inoluded,  as  must  be 
a  large  matrix  of  mutual  oross-ocrrelations  between  all  the  above  random  prooesses  or 
variables,  as  the  oase  may  be.  Things  would  be  greatly  simplified  if  most  of  the 
entitles  turned  out  to  be  statistically  mutually  independent.  However,  there  appears  to 
be  a  genuine  shortage  of  experimental  data  on  this  issue.  And  one  doubts  whether 
significant  independence  (or  even  approximate  unoorrelatlon)  could  be  realistlo  from  the 
wave  propagation  pc'  'f  view  over  suoh  large  bandwidtha. 

a  cor,  -.,  definition,  and  to  clarify  the  time-varying  ohannel  transfer 
function,  H(f,t),  for  this  and  similar  ionogram  oases,  from  now  on  we  propose  the 
following  wideband  ohannel  model) 


H(f,t)  *  E*i(f)  uj(f,t)  exp[-J2  *ti(f  )f]. 


(2) 


This  model  is  olaime  '  -e  one  possible  generalization  of  the  model  described  earlier 
in  gq.  (1).  There  indeed  be  many  other  potential  generalizations  and  extensions. 
However,  to  dlsoern  whloh  oandldate  model  is  better  and  for  what  reasons  would  require 
experimental  validation  over  real  HF  ohannels. 


~J*.  a 


i 
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Figure  6.  Relative  amplitudes  and  delay  scatter 
in  a  2-MHz  bandwidth. 


The  explanation  of  terms  In  the  above  wideband  H(f,t)  of  Eq.  (2)  is  given  next. 
Gradually,  as  needed,  it  Is  to  be  followed  by  Justification  arguments  that  support  the 
assumptions  made.  The  formal  transfer  function  nomenclatures  for  both  narrow-  and 
wideband  models  are  briefly  summarised  In  Table  8.  There  are  more  tha.i  a  few 
similarities  and  differences  to  be  stressed  here. 

First,  thu  time-varying  transfer  functions  for  both  are  sums  of  all  lnoldent  modes. 
An  Individual  contributing  mode  la  identified  by  Index  1.  Its  contribution  to  the 
transfer  function  is  Hj(f,t).  So  far  the  two  models  obey  the  same  additive  and  linear 
formalism.  Returning  to  Figure  5,  0900  hours  and  15  KHx.  with  Its  five  modes,  tho  sum 
would  go  from  1*1  to  1»5  and  separate  contributions  to  the  transfer  funotlon  would  come 
from  H) ( f , t )  to  Hc( f , t ) .  Of  course.  Individual  modes  can  have  a  variety  of  properties 
at  given  frequencies.  This  is  Incorporated  In  the  wideband  model,  as  it  was  done  fir 
the  narrowband,  through  speolf loatlon  of  modal  components,  Ki(f,t).  See  the  seoonu  r on 
of  Table  t. 


Next,  the  definition  of  all  elements  in  H{(f,t)i 

Ai(f)  heal,  nonnegative,  amplitude  for  the  l-th  mode  at  frequency  f.  It  Is  a 
constant  number  with  rsspeot  to  time  and  oan  be  sero  for  all  those 
frequenoles  where  the  mode  vanishes.  This  dependence  on  f  is  unnecessary 
and  therefore  absent  In  all  former  narrowband  models.  However,  in 
wideband  observations  that  led  to  Figures  5  and  6,  variations  with  f  have 
been  noted.  In  particular,  the  converging  modes  are  known  to  possess  high 
amplitude  peaks  Just  below  tho  MUF.  To  sompllcate  things  further,  some 
modes  display  a  notioeabie  oaolllatory  behavior  (viz.,  Aj(f)  as  funotlon 
of  f).  In  as  much  as  this  phenomenon  appears  to  persist  in  the  presence 
and  absence  of  0  and  X  ray  splitting,  Including  their  delay  crossovers.  It 
should  be  Incorporated  Into  the  Aj(f)  properties  of  the  model.  Or  else, 
rationale  chould  be  developed  to  Ignore  It  as  something  of  secondary 
Importance. 
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Table  4.  Formal  Differences  Bttutu  Narrow-  aud  Wideband  Modal  a 


Charaoteriatle 

Description 

Narrowband  Model 

Wideband  Model 

t. 

Time-varying  transfer 
function  for  the 
entire  HF  ohannel 

H(f,t)  -JXtf.t) 
i 

2. 

Time-varying  transfer 
function  for  an  indivi¬ 
dual  mode,  ((^(f.t) 

Ci(t)  exp[-J2»Tif] 

Aj(f)  ut(f,t)  exp[-J2»i|(f)f] 

3. 

Time-varying  multiplier 
faotor(s)  for  an 
individual  mode 

Ct{t) 

*i(f) 

u^f.t) 

0. 

Time  delay 

characteristic  for  an 
individual  mode 

n 

Tiff) 

ti(f) 

U{(r.t)  Complex ,  bivariate  Gaussian,  random  proosss  In  tlaa  t,  with  saro  means  and 
statistically  mutually  Independent  components,  For  every  rixed  frequency, 
r,  this  funotlon  Is  quite  slailar  to  the  narrowband  tap-gain  multiplier 
oi(t),  except  that  ut(f,t)  Is  to  have  unity  ras  values  Tor  both  quadrature 
processes.  For  the  special  narrowband  oase,  the  f-dependenoe  can  be 
negleoted  in  both  ui(f,t)  and  Ai<f).  Their  product  then  is  equivalent  to 
the  frequency  Insensitive  oj(t).  This  correspondence  Is  Indicated  In  row 
3  or  Table  A.  The  wideband  Dopplor  spreads  and  shifts  are  else  generated 
by  this  ui(f ,t)  prooess.  That  inoludes  the  familiar  speotral  shaping  froa 
before,  exoept  that  now  the  center  frequencies  and  the  spreads  of  the 
Doppler  apeotra  oan  be  varied  across  the  arbitrarily  wide  ohannel 
bandwldtha  that  are  to  be  simulated.  Just  how  avail  the  bandwidth  should 
be  for  the  f-dependenoe  to  beooae  Insignificant  is  not  at  all  well 
established.  However,  based  on  reported  past  work,  that  bandwidth  should 
be  at  least  10  kH* — and  perhaps  auoh  higher. 

As  a  Better  of  fora,  one  aay  prefer  to  write  the  magnitude  uj(f,t) 
In  front  of  the  exponential  function,  and  to  Incorporate  its  phase 
arg[ui(f,t)]  into  the  exponent.  That  would  aake  the  exponent  tlae 
varying.  It  oan,  of  oourse,  be  done,  but  the  overall  advantages  of  suoh  a 
formality  are  unolear. 

■*l(f)  Frequenoy-sensltlve  path  delay  encountered  by  the  1-th  node.  As 
Illustrated  In  earlier  lonograas  of  Figures  2,  5,  and  6,  the  aode  delay 
appears  to  be  constant  only  over  a  relatively  narrow  band.  Even  for 
narrowband  applications ,  soae  workers  have  deened  It  neoessary  to  Inolude 
dispersion  filters  that  in  efreot  reproduce  the  saae  delay  scatter  as 
would  a  delay  entity  with  a  linear  delay  versus  frequency  oharaoterlstlo. 
For  wideband  aodels,  depending  on  the  oooupled  speotral  region,  the  first, 
seoond,  and  even  higher  ord  :r  derivatives  of  t iff)  with  respeot  to  f  aay 
be  of  significance. 

A  final  ooaaent  on  this  hypothetical  Modeling  approach  deals  with  the  Issue  of 
statistical  dependence  versus  independence,  or  cross-oorrelatlons  versus  absenoes 
thereof.  Sinoe  all  random  elements  of  the  wideband  communications  ohannel  somehow  share 
the  saae  oonaon  physios!  medium,  l.e.,  the  Ionosphere,  one  can  argue  that  soae  mutual 
statistical  dependence  must  exist.  But,  whatever  its  constitution,  that  dependence 
appears  either  unknown  or  extremely  complicated.  To  make  soae  progress  in  a  practical 
sense  and  to  Initiate  a  dialogue,  one  could  propose  the  following  totally 
unsubstantiated  hypothesis) 
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FOR  ENQINRBRINO  PURPOSES  IR  HF  CHANNEL  MOOCLINO,  AMD  UNLESS  MOW 
OTHERWISE,  ALL  RANDOM  VARIABLES  AND  PROCRSSfS  CONTAINED  IR  THE  TJtHt- 
VARXIRQ  CHANNEL  TRANSFER  FUNCTION  H(f,t)  ARE  HUTUALLT  UNCORREUTED. 

It  would  tlton  bo  up  to  futuro  experimenters  and  atatlatleal  analysts  either  to  prove, 
disprove,  or  to  modify  tho  above  hypothesis.  Or,  aa  bafora,  it  would  root  in  tha  burdan 
of  tha  HF  system  daatsnara  and  ooaauntoatora  to  oarry  on  without  an  anawar  to  thla 
question. 


Raoul rad  Experimental  Data 

Natter  ion's  modeling  of  tha  narrowband  ”F  ehannal  In  taraa  of  lta  tlae- varying 
tranafar  function  waa  dlaouaaad  In  Saotlon  3,  aa  waa  tha  axparlaantal  verification  of 
that  nodal.  Naaaurad  data  aatabllahad  tho  validity  of  that  aodal.  Eventually,  a 
simulation  faolllty  waa  laplenented.  It  not  tha  ohannal  apaolf leatlona  liatad  in  Tabla 

1.  Unfortunately,  daaplta  aany  old  and  now  reported  aaparlaanta,  no  auoli  happy  atata  or 
affalra  exists  for  tha  wldaband  HP  ehannala. 

only  ona  wldaband  aodal  haa  boon  aaphaalaad  hart  (aae  Saotlon  A  and  Table  A),  yat 
the  root  of  dlffloulty  aaaaa  not  to  ba  aaaoolatad  with  a  shortage  of  aodela.  Many 
wideband  aodela  oan  be  oonjaoturad  and  analyaad  ad  Inflnltua.  Inatead,  tha  root  or  tha 
problaa  appeara  to  be  tied  to  a  genuine  ahortage  of  knowledge  about  thla  aedlua.  Let  ua 
return  to  the  ooaparlaon  of  narrow*  and  wideband  uodala  In  Tabla  A  and  aak  for  foota  and 
nuabera  about  tha  wldaband  aodel.  Tha  anawar  la  a  dlaappolntlng  ona.  Vary  little  la 
known.  Tha  nuabar  of  uultlpath  uodaa  oan  by  all  eaana  ba  deduced  froa  ordinary 
lonograas.  So  oan  ba  the  delay  oharaotariatloa,  «i(f).  Tha  behavior  of  nod*  aaplttudaa 
aa  funotlona  of  frequency,  A^(f),  could  be  obtained  with  aor*  sophisticated  lonoaondaa. 
But,  unfortunately,  either  they  are  not  fully  lnatruaantad  or  tha  data  are  not 
prooaaaad.  For  delay  dlaparalona,  Doppler  ahifta  and  spreads,  etc.,  even  leas  la  known. 
The  exiateno*  of  atatlatloal  propartlaa  and  tha  fin*  structure  of  rand  on  aultlpllar 
funotlona  ui(f,t)  are  indicated  in  recant  Naval  Xeaaa.'oh  Laboratory  taata  [12, 1A]. 
However,  useful  and  representative  parauetrlo  aueaarlaa  roaaln  undetermined  for  r  bands 
that  exceed  10  kNs,  or  ao.  Tho  bottoa  line  la  a  alaple  conclusion  that  without  further 
experimentation  on*  haa  no  way  of  aaoertalnlng  whether  the  proposed  (on  any  other) 
H(f,t)  la  or  la  not  a  valid  aodel. 

Aaaua*  for  a  aoaant  that  the  aoonoalo  and  teohnology  llaltatlona  of  HF  aeaaureaent 
prograaa  were  lifted.  What  types  of  data  would  one  seek?  A  way  to  answer  thia  question 
aay  ba  to  return  to  Tabloa  1  to  A  and  to  aak  what  parauetrlo  behavior  la  anticipated  for 
broader  ranges  of  frequency.  Tha  answer  aay  ba  surprisingly  alaple.  Many  variables 
that  appeared  oonatant  when  viewed  through  a  narrow  apeotral  window  show  functional 
dependency  on  rrequanoy  f  whan  viewed  In  tha  context  or  broader  bandwidth.  Eight 
pareaetera  are  Identified  below.  They  all  werw  constants  In  Watteraon'a  narrowband 
aodel,  but  to  be  safe,  they  aay  have  to  be  replaced  by  functions  or  r  In  the  wideband 
scenario.  The  eight,  potentially  f-depend*nt,  quantities  arei 

1.  Delay's). 

Aa  dlaouaaed,  every  propagation  node  1  in  the  channel  bandwidth  has  Its  own 
delay-versus -frequency  characteristic.  In  Eq.  (2)  and  Table  A  it  is  allied  *i(f). 
Seldoa  is  thla  funotlor.  a  oonatant  ror  bandwldths  approaohlng  l  HHa.  To  slapllfy 
modeling,  the  function  aay  be  approxlaated  by  piecewise  linear  segaents.  It  la 
hoped  that  1,  2,  or  at  aoat  3,  segaents  will  aufrioe  In  praotloa.  For  realistic  HF 
paths,  the  abaolute  propagation  delays  are  leas  than  10  aa.  The  differential  delays 
between  paths  are  usually  on  the  order  of  1  aa. 

2.  Dispersion  Slope. 

For  every  aode,  dispersion  of  energy  In  tlae  contains  a  part  proportional  to 
the  aagnitud*  of  the  delay  derivative  with  reapeot  to  f.  While  there  aay  be  other 
aouroes  that  contribute  to  the  tlae  delay  scatter  In  the  nodes,  the  point  la  that 
distinctly  unique  dispersion  functions  aay  be  required  by  Individual  nodes.  For 
simplicity,  step  functions  or  piece-wise  linear  approximations  aay  auffioe.  Per 
aultlpith  aode,  the  dispersion  slops  aay  have  to  be  bounded  by  a  value  yet  to  be 
determined. 

3.  Speoular  Attenuation. 

In  the  aore  ooaaon  situations,  there  la  at  aost  one  speoular  wavefront 
received.  Then  the  assuaptlon  of  a  constant  term  over  all  r  appears  Justified. 
However,  If  there  were  two  or  aore  speoular  ooaponents,  even  relatively  alld  phase 
fluctuations  can  cause  nulls  and  peaks  at  sufficiently  separated  frequencies. 

A,  Speoular  Phase. 

If  there  is  one  specular  tera,  Its  phase  could  be  treated  as  a  oonatant. 
However,  in  the  Infrequent  oase  of  aore  than  one  speoular  tera,  special  adjustments 
(s„oh  as  unlforoly  distributed  phase  dirrerences)  aay  ba  appropriate  In  the  wideband 
aodel. 


2*13 


5.  Scatter  Attenuation. 

taoh  reoelved  auitlpath  node  shows  a  oat  aaplltude  dapandanca  on  frequenoy  f. 
Tha  function  haa  baan  denoted  aa  A<(f)  for  the  1-th  path.  When  attenuation  la  total 
at  a  glean  t,  no  energy  la  reoeleed.  and  tha  funotton  eanlahaa.  for  aaaa  of 
repreaentatlon,  a  aaall  nuabar  of  pleoe-wla*  linear  aagaanta  aay  suffice  to 
approalaata  the  aoattar  attenuation  funetlon  of  a  node. 

6.  Frequency  Shift. 

Aa  a  funotlon  of  f,  the  average  Doppler  ahlft  of  a  node  1  aay  differ  froa  other 
aodaa.  Thla  funotlonal  dependence  on  Index  1  and  on  frequency  f  auat  be 
Incorporated  In  the  ooaplex,  bivariate  Oauaalan,  randoa  tap  aultlpller  funotlon 
u.(f.t).  A  alngle  linear  funotlon  over  f  appear*  the  eaateat  aodel  for  the  Doppler 
ahlft.  The  aagnltude  of  the  Doppler  ahlft  ahould  typically  reaaln  below  10  Ha. 

7.  Frequency  Spread. 

Thla  la  the  standard  deviation  of  the  nodal  Doppler  epread.  Just  like  the 
Doppler  ahlft,  lta  funotlonal  behavior  la  part  of  the  randoa  aultlpller  funotlon 
U{(f,t).  Again.  *  single  linear  funotlon  over  f  ahould  auffioe  for  eaoh  auitlpath 
aode.  The  frequency  epreada  are  noraally  on  the  order  of  1  Ha  or  leaa. 

8.  fading  Speotrua. 

Thla  apeotrai  shape  has  only  one  peak  when  there  Is  no  sagncto-lonlo  path 
splitting.  When  splitting  ooours,  eaoh  of  the  0  and  X  ooaponents  haa  its  own  peak. 
In  all  oases,  the  shapes  are  to  be  Oauaalan  funetlona  with  relative  displacements 
that  vary  linearly  with  frequenoy. 

It  has  been  stressed  repeatedly  that  the  objeotlve  of  wideband  Hf  aeasureaents  need 
not  be  to  reoord  every  detail  of  the  proposed  ohannel  aodel,  and  oertalnly  not  the 
complete  frequenoy  dependent  oharaoterlstlos  of  H(f,t).  There  are  two  reasons  for  that. 
First,  due  to  the  great  variability  of  tha  HF  ohannel,  tha  entirety  of  traits  would  be 
lnoredlbiy  difficult  to  establish  with  any  degree  of  oonfldenoe.  Second,  details  that 
are  too  ooaplox  aay  eventually  be  laposslble  to  aodel  and  to  slaulate  with  the  state-of- 
the-art  technology.  It  appears  far  aore  expedient  to  seek  ohannel  representations  based 
on  staple  approxlnatlons-  That  Is  the  aotlvatlor.  for  utilising  pleoe-wlse  linear 
segaents  to  fit  only  a  rew  selected  funotlons  of  rrequenoy,  auoh  as  Ai(f),  tt(f),  and  so 
forth.  Furtheraore,  the  nunber  of  segaents  should  be  kept  low,  say  at  1 ,  2,  or  at  noat 

5.  CONCLUSIONS 

There  is  only  one  doatnaut  oonoluslon  for  this  study.  That  Is  to  recognise  the  need 
for  pertinent  acasured  data  about  the  HF  ohannel  as  a  wideband  (on  tha  order  of  1  MHx) 
ohannel.  To  help  In  the  spread  speotrua  systea  development,  the  requirement  for 
wideband  HF  slaulators  has  been  noted.  However,  every  slaulator  Is  based  on  a  nodal  — 
and  that  aodel  oust  be  based  on  valid,  experlaental,  real-world,  HF  nuabera. 

Coaprehenalve  measurement  prograas  are  necessary  to  reaedy  this  shortooalng.  On  a 
very  curiory  level,  the  prograaa  would  have  to  eaploy  sufriolently  high  resolution 
ohannel  probes  to  aeaaure  in  detail  the  HF  ohannel  responses  over  the  required  large 
bandwldtha.  The  detail  la  to  Inolude  identification  and  estlaatlon  of  transfer  funotlon 
oharaoterlstlos  for  all  auitlpath  nodes  that  are  present. 

To  be  sped f ic ,  oonaider  the  wideband  tine-varying  channel  transfer  funotlon, 
H(f.t) ,  of  Eq.  (2)  In  Seatlon  A.  That  function  1st 


H(f.t)  £Ai(f)  ut(f,t)  expC-j2»Tt(r)f], 

As  explained,  It  contains  aany  variables  or  paraaeters  that  require  quantitative 
speotf loatlon. 

In  suaaary ,  experlaental  data  are  needrJ  for  vldeband  Hf  modeling 

*  to  validate  the  overall  aodel  for  H(f.t) 

*  to  Identify  the  aoat  significant  functional  elenents  of  H(f,t1 

*  to  establish  typical  and  extreae  quantitative  ranges  for  the  significant 
funotlonal  elenent  of  H(f,t) 

*  to  include  realistic  geographic  and  tlae-of-day  (via.,  aonth,  year, 
aeaaon,  solar  oyoie)  effects  on  the  distortion  elements 

*  to  Justify  staple  approximations  for  the  significant  funotlonal  eleaents 
of  H( f , t) 


*  to  toot  the  hrpotkHH  of  autual  statistical  lndapandeno*  and/or  look  of 
correlation  batwaan  rsndoa  ooapononti  of  th*  significant  functional 
cloaonta  of  R(f  ,t) 

*  to  find  the  duration  of  tlaa  intervals  during  whtoh  thoao  i-andoa 
ooe^onante  oan  bo  eonaldorod  atatloniry. 

Tho  propoaod  nodal  agrooa  with  tho  convincingly  validated  Mattoroon  nodal  for 

narrowband  ohannala.  Unfortunately,  without  adequate  verification  ala  wldoband  Hf 

naaourononta,  tho  above  H(f,t)— Ilk*  aany  othor  auoh  oonj*otur*s--wlll  ropraaont  ilttla 

ooro  than  a  hypcthaals. 
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DISCUSSION 


R. C.  Yah,  U8 

In  your  proposed  nodal,  would  you  give  tho  rang*  of  parameter*  that 
would  ba  applicable  to  tho  tonoaphartc  communication  channel? 

Author'*  Refly 

Th*  Identification  of  key  paranatara  and  eatlnation  of  thair  range* 
la,  of  course,  the  oaln  subatanca  of  the  wid*  band  HP  nodal log 
prograa.  At  thia  tine,  the  parameter  identification  haa  barely 
begun.  It  la  tharaforo  difficult  to  raapond  to  thia  quaatlon.  In 
th*  publlahad  paper,  conjecture*  were  node  aa  based  on  th*  narrow 
band  by  Nattaraon.  So*  Table  1.  All  thea*  paranatara  will 
definitely  have  a  role  with  thair  numerical  rang* a  extended  by  a 
factor  yet  to  be  determined.  However,  other  new  paraaetara  may  be 
auggeated  by  raaaarch  prograaa  that  are  being  initiated  in  th*  United 
State*. 

J.  Aaron*,  US 

In  developing  an  HP  wide  band  model,  the  author  haa  noted  gap*  in 
observation*  for  which  roaoarch  studies  ahould  be  developed.  Theae 
should  be  noted  in  order  to  be  addreaaed  by  the  raaearch  coaaunity. 
la  thia  aapect  being  addressed? 

Author'*  Reply 

Research  to  be  undertaken  ia  being  approached  along  theoretical  and 
experimental  line*  at  several  organiaationa.  Theoretical  modeling 
work  haa  begun  at  the  Institute  for  Telecommunication  Science*  and 
elsewhere,  experimental  work  at  the  Naval  Research  Laboratory,  Air 
Force  (RADC),  and  elsewhere.  Specific  ordering  by  relative 
significances  appears  difficult  at  this  early  tine. 

S.  Basu ,  US 

Professor  Yeh  raised  questions  on  coherence  bandwidth  of  HF 
channels.  In  satellite-to-ground  communication  links  at  UHP,  we 
observed  coherence  bandwidth  of  at  least  t  SI.  If  thia  can  he 
translated  directly  to  HF,  lr  will  amount  to  1:  500  kH*  at  NHa. 

Author's  Reply 

The  proposed  spread  spectrum  systems  of  bandwidth*  of  1  MHs,  or 
thereabout,  would,  by  design,  extend  far  outside  the  expected  HF 
coherence  bandwidth.  Thia  will  be  so  in  most,  if  not  all,  of  the 
channels  of  interest.  The  system  aspects  of  this  fact,  however,  must 
be  faced  by  the  specific  system  users  through  appropriate  receiver 
designs  (i.e.,  signal  processing).  The  effect  therefore  is  not  of 
primary  concern  to  the  wide  band  HF  channel  modeling  effort,  as  long 
as  the  model  represents  the  medium  in  acceptable  fashion. 

G,  Sales,  US 

Is  there  any  a  priori  reason  fo.  leaving  out  the  possible  time 
dependence  in  the  tine  delay  t(I)T  Is  it  possible  to  s-iaulate  the 
wide  band  channel  by  sampling  the  1  Ms  spectrum  at  some  interval 
smaller  than  the  total  bandwidth? 

Author's  Reply 

No,  to  the  first  question.  However,  since  there  may  be  innumerable 
ways  of  incorporating  parts  of  tine  variation  into  modal  time  delays 
T,(f,t),  and  none  appear  dearly  superior  at  this  time,  we  have  taken 
the  simplest  way  out  and  have  assumed  time-invariant  tj(f). 


For  the  second  question,  the  selection  of  unique  narrower  subbands 
(or  Intervals)  of  the  1  MHz  band  does  not  appear  Justified  for  all  HF 
channels  and  all  system  applications.  Perhaps  this  will  change  In 
the  future  ts  we  learn  more  about  the  wide  band  HP  structures  and 
Important  system  requirements  (e.g,  frequency  hopping  spread 
spectrum). 

C.  Goutelard,  FR 

English  translation 

In  evaluating  the  systems,  we  have  to  take  into  account  the  channel 
transfer  function,  noise  and  jamming.  In  a  narrow  band,  we  can  avoid 
them,  but  in  a  wide  band  context  the  problem  can  become  quite 
critical.  Don't  you  chink  that  these  parameters  must  be  introduced 
in  the  simulations  and  taken  into  account  in  the  same  way  as  the 
signal?  Many  European  and  American  studies  have  highlighted  their 
importance. 

Author's  Reply 

He  agree  that  nolse(s),  interference,  and  jamming  must  be  modeled  and 
incorporated  into  wide  band  HF  simulators.  Their  features,  however, 
are  sufficiently  unique  to  permit  them  to  be  handled  separately  and 
somewhat  apart  form  the  channel  transfer  function  modeling  stressed 
in  this  paper. 
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DISCUSSION 


K.C.  Yeh,  US 

In  your  proposed  model,  would  you  give  the  range  of  parameters  that 
would  be  applicable  to  the  ionospheric  communication  channel? 

Author's  Reply 

The  Identification  of  key  parameters  and  estimation  of  their  ranges 
is,  of  course,  the  main  substance  of  the  wide  band  HF  modeling 
program.  At  this  time,  the  parameter  identification  has  barely 
begun.  It  Is  therefore  difficult  to  respond  to  this  question.  In 
the  published  paper,  conjectures  were  made  as  based  on  the  narrow 
band  "by  Watterson.  See  Table  1.  All  these  parameters  will 
definitely  have  a  role  with  their  numerical  ranges  extended  by  a 
factor  yet  to  be  determined.  However,  other  new  parameters  may  be 
suggested  by  research  programs  that  are  being  initiated  in  the  United 
Staces. 

J.  Aarons,  US 

In  developing  an  HF  wide  band  model,  the  author  has  noted  gapB  in 
observations  for  which  research  studies  should  be  developed.  These 
should  be  noted  in  order  to  be  addressed  by  the  research  community. 

Is  this  aspect  being  addressed? 

Author's  Reply 

Research  to  be  undertaken  is  being  approached  along  theoretical  and 
experimental  lines  at  several  organizations.  Theoretical  modeling 
work  has  begun  at  the  Institute  for  Telecommunication  Sciences  and 
elsewhere,  experimental  work  at  the  Naval  Research  Laboratory,  .Ur 
Force  (RADC) ,  and  elsewhere.  Specific  ordering  by  relative 
significances  appears  difficult  at  this  early  time. 

S.  Basu,  US 

Professor  Yeh  raised  questions  on  coherence  bandwidth  of  HF 
channels.  In  satelllte-to-ground  communication  links  at  UHF,  we 
observed  coherence  bandwidth  of  at  least  ±  5X.  If  this  can  be 
translated  directly  to  HF,  it  will  amount  to  ±  500  kHz  at  MHz. 

Author's  Reply 

The  proposed  spread  spectrum  systems  of  bandwidths  of  1  MHz,  or 
thereabout,  would,  by  design,  extend  far  outside  the  expected  HF 
coherence  bandwidth.  This  will  be  so  in  most,  if  not  all,  of  the 
channels  of  interest.  The  nystsm  aspects  of  this  fact,  however,  must 
be  faced  by  the  specific  system  users  through  appropriate  receiver 
designs  (i.e.,  signal  processing).  The  effect  therefore  is  not  of 
primary  concern  to  the  wide  band  HF  channel  modeling  effort,  as  long 
as  the  model  represents  the  medium  in  acceptable  fashion. 

G.  Sales,  US 

Is  there  any  a  priori  reason  for  leaving  out  the  possible  time 
dependence  in  the  time  delay  r(f)?  Is  it  possible  to  simulate  the 
wide  band  channel  by  sampling  the  1  MHz  spectrum  at  some  interval 
smaller  than  the  total  bandwidth? 

Author's  Reply 

No,  to  the  first  question.  However,  since  there  may  be  innumerable 
ways  of  incorporating  parts  of  time  variation  Into  modal  time  delays 
t.  (f ,t) ,  and  none  appear  clearly  superior  at  this  time,  we  have  taken 
the  simplest  way  out  and  have  assumed  time-invariant  T^Cf). 
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Por  the  second  question,  the  selection  of  unique  narrower  subbands 
(or  intervals)  of  the  1  MHs  band  does  not  appear  justified  for  all  HF 
channels  and  all  system  applications.  Perhaps  this  will  change  in 
the  future  as  we  learn  more  about  the  wide  band  HF  structures  and 
important  system  requirements  (*.g,  frequency  hopping  spread 
spectrum). 

C.  Goutelard,  PH 

English  translation 

In  evaluating  the  systems,  we  have  to  take  into  account  the  channel 
transfer  function,  noise  and  Jamming.  In  a  narrow  band,  we  can  avoid 
them,  but  in  a  Wide  band  context  the  problem  can  become  quite 
critical.  Don't  you  think  that  these  parameters  must  be  Introduced 
in  the  simulations  and  taken  Into  account  in  the  same  way  as  the 
sighal?  Many  European  and  American  studies  have  highlighted  their 
Importance. 

Author's  Reply 

We  agree  that  nolse(s),  interference,  and  jamming  must  be  modeled  and 
incorporated  into  wide  band  HF  simulators.  Their  features,  however, 
are  sufficiently  unique  to  permit  them  to  be  handled  separately  and 
somewhat  apart  form  the  channel  transfer  function  modeling  stressed 
in  this  paper. 


i 
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SUMMIT 

This  paper  discusses  propagation  and  performance  measurements  that  were  obtained  over  a  digital 
troposoatter  ocoaunloatlona  link  between  Booksberg,  Heat  Germany,  and  West  Berlin.  The  measurements 
were  unusual  In  that  three  general  types  of  data  were  collected  simultaneously  over  the  11m:: 
propagation  data,  digital  performance  data,  and  meteorological  data.  The  propagation  data  Include 
received  signal  level  (RSL)  and  multipath  measurements  made  with  a  channel  probe,  the  performance  data 
consist  or  bit-error  date  obtained  from  a  1.544  Mbps  T1  bank,  and  the  meteorological  data  (In  tha  form 
of  radloaonde  messages)  have  been  used  to  generate  profiles  of  the  radio  refractive  Index  over  the  llnv. 

The  beslo  principles  and  Instrumentation  of  the  channel  probe  end  the  teat  oonfiguratlonc  ustu  to 
obtain  these  date  are  dlaouased.  Then  the  reaulta  of  analyses  or  these  date  ere  presented  and 
dlaouaaed.  These  reaulta  include  the  measured  impulse  response  of  the  channel,  delay  spread,  RSL,  bit¬ 
error  ratios,  and  refraotlva  index  profllet.  Potential  relationships  among  these  results  s>« 
Investigated  In  order  to  aaasaa  tha  Impact  of  various  troposoatter  channel  conditions  on  digital  radio 
performance.  In  particular,  the  paper  discusses  both  the  definition  and  methods  of  utilizing  the  all 
iuportant  parameter  of  delay  spread.  These  considerations  range  from  the  simple  parameter  of  2o  values 
to  a  more  complete  evaluation  of  the  dynealo  properties  of  delay-spread  derived  from  the  channel  probe 
data. 


Prevloua  studied  have  addressed  many  facets  of  troposoatter  propagation.  This  paper  attempts  to 
bring  all  of  these  facets  together,  to  present  a  more  complete  description  or  the  troposoatter  channel, 
and  to  enhance  future  digital  upgrades  of  existing  troposoatter  links. 


1 .  INTRODUCTION 

The  U.S.  Army  recently  completed  equipment  Installation  of  e  digital  troposoatter  coumun lost Ion 
system  between  Dooksberg,  West  Germany,  and  West  Berlin.  The  radio  system  Is  composed  of  an  upgraded 
Army  taotloel  tropoecatter  .-agio  operating  with  the  HD  918/CRC  Digital  Data  Modem  at  a  nominal  bit  rate 
of  10  Mbps.  This  Is  the  first  digital  upgrade  of  an  existing  analog  tropoacLtter  link  in  tha  Defense 
Communications  System  In  Europe,  end  it  la,  therefore,  Important  to  evaluate  Doth  the  propagation 
factors  and  the  digital  performance  over  this  link. 

One  or  the  most  important  parameters  to  be  measured  Is  the  delay  spread  of  tha  signal  in  tha 
propagation  path.  Tha  measurement  of  delay  spread  over  the  Berlln/Buoksberg  link  was  specified  sa  part 
of  the  test  end  acceptance  program,  conducted  by  OTE  Government  Systems  Corporation,  Communication 
System  Division,  Needham  Heights,  Massachusetts,  under  oontraot  to  the  U.S.  Army.  The  Instrument  ussd 
to  make  the  delay  spread  measurement  was  a  pseudo-random  nolae  (PN)  channel  probe,  designed  and  built  by 
the  Inatitute  for  Teleooenunlcatlon  Solenoss  (ITS),  Boulder,  Colorado.  The  purpose  of  this  paper  la  to 
summarize  the  data  obtained  by  ITS. 

The  primary  objective  was  to  obtain  propagation  date,  including  measurements  of  delay  spread  .i.u 
received  signal  level,  In  conjunction  with  measurements  of  digital  transmission  performance.  The 
simultaneous  collection  of  propagation  and  performance  lata  over  the  same  transmission  channel  can 
provide  new  Insights  Into  performance  criteria  ar.d  suggest  adaptive  techniques  which  may  he  valuable  in 
planning  and  Implementing  future  digital  upgrades  or  other  troposoatter  Hnks.  It  la  also  expeoted  that 
the  date  will  be  useful  in  enhancing  enalytloal  models  of  troposoattoi  channels. 


2.  BACKGROUND 

A  oommon  propagation  problem  In  both  line-cf-alght  and  transhorizon  radio  links  is  caused  by 
multipath,  resulting  from  ref.lootlone  or  refraotlon/aeetter  In  the  transmission  medium.  Multipath  can 
ba  more  detriments.  In  the  digital  transmission  mode  than  in  its  analog  counterpart.  A  significant 
number  of  performance  measurements  have  been  reported  tnet  demonstrate  the  oitaetrophio  effect  multipath 
oan  have  on  digital  transmission.  Examples  of  specific  measurements  have  bean  dlaouased  by  Dougherty 
end  Hartman  (1977),  Anderson  at  ml.  (1979),  Barnett  (1978),  end  Hoffmeyer  et  el.  (1986):  a  review  of 
this  field  with  extensive  references  has  been  given  by  Hubbard  (1984).  Howaver,  thara  are  techniques 
that  use  the  multipath  to  provide  a  form  of  ln-baid  diversity  Improvement.  Suoh  la  the  oaae  with  the 
Mb  918.  The  modem  le  designed  to  taxe  Advantage  of  the  delay  spread  of  the  signal  over  e  certain  range. 
It  lo  therefore  Important  to  know  whet  values  of  daisy  sprssd  ars  snoountsred  In  prsotlos. 

The  primary  purpose  of  ITS  in  the  teat  and  acceptance  program  for  the  fieri ln/Bockaberg  digital 
tropo  link  wee  to  furnish  the  equipment  necessary  for  tha  delay  spread  measurements.  Tha  PN  ohannel 
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proto,  described  in  Station  3,  wit  lnttrftotd  to  the  host  radio  at  the  70-MHt  IF  level.  Details  of  the 
lnterfaoe  arrangement  are  dlsoussed  In  Seotlon  a. 

The  test  signal  was  propsgated  over  the  path  in  the  a. 5  to  5  GHz  band.  The  path  length  Is 
approximately  210  km.  The  path  profile  for  the  link,  shown  In  Figure  1,  Indicates  thst  the  doalnant 
propagation  cechaniaa  Is  expeoted  to  to  troposaatter,  but  that  the  link  say  to  diffraotlve  under  super- 
refractive  oonJitlons.  The  data  presented  In  this  paper  ware  oolleotod  during  the  last  two  weeks  of 
February  1986,  when  the  signal  was  transmitted  from  Boakstorg  to  Berlin. 


3-  MULTIPATH  ICASURBHSNT  TECHNIQUE  ADD  EOUIihCHT 

Delay  spread  has  been  measured  previously  over  a  few  selected  troposaatter  links  using  a  system 
oomaonly  known  as  a  RAKE  communication  system  (Pries  and  Oraen,  1958;  Barrow  et  al.,  1 969 1  Sherwood  and 
Suyemoto,  1977).  The  RAKE  system  measures  the  value  of  a  correlation  funotlon  at  the  output  of  a  finite 
number  of  taps  along  a  tapped-dslay  line.  The  test  signal  uses  a  pseudo-random  noise  (PN)  code,  which 
Is  cross-correlated  In  the  reoelver  with  a  locally  generated  replica  of  the  PN  code. 

The  Instrumentation  used  in  the  ITS  PN  channel  probe  Is  similar  to  that  of  the  HAKE  system,  with 
the  exception  of  the  correlation  process.  The  ITS  system  uses  a  time-multiplex  type  correlation 
deteotor  in  the  reoelver,  as  opposed  to  the  tapped-delay  line  used  In  the  RAKE  system.  Delay  between 
the  reoelved  code  and  the  locally  generated  replloa  is  achieved  by  olooking  the  PN  generator  at  a 
slightly  slower  rate  In  the  reoelver  than  In  the  transmitter.  In  this  manner,  delay  is  continuously 
varying,  thereby  enabling  one  to  measure  the  correlation  funotlon  (impulse  response  of  the  radio 
channel)  as  a  function  of  time  delay.  The  rata  of  daisy  change  Is  variable,  and  the  code  length  and 
dock  rate  are  selectable  over  specified  ranges  to  meet  different  transmission  channel  conditions.  A 
detailed  description  of  the  theory  and  Implementation  of  the  ITS  channel  probe  la  given  by  Llnfleld 
et  al.  (1976).  Delay  spread  measurements  taken  over  troposaatter  links  with  this  probe  have  been 
discussed  by  Hubbard  (1983). 

The  correlation  process  In  the  probe  receiver  takes  advantage  of  tlme-bandwldth  tradeoff,  which 
permits  the  da*. a  to  be  reoorded  at  a  relatively  low  rate  (small  bandwidth),  but  with  high  equivalent 
time  resolution.  For  example,  the  bit  time  for  a  PN  code  clocked  at  10  MHx  Is  O.lys.  For  a  51 1  -bit 
code  at  this  oloak  rate,  a  code  word  Is  51.1  us  In  length.  If  a  correlation  function  were  developed  for 
each  code  word,  the  bandtrldth  requirement  for  the  data  acquisition  system  would  be  quite  broad. 
However,  this  data  -ate  Is  not  necessary  If  the  dynamic  changes  In  the  transmission  channel  are  much 
slower.  In  the  PN  channel  proto  receiver,  the  correlation  process  is  slowed  so  that  many  code  words  are 
processed  while  one  correlation  function  Is  developed.  For  example,  the  data  rate  for  the  tests 
dvorlbed  here  was  seleoted  to  to  one  correlation  function  per  second.  However,  the  range  of  time 
delays  over  whlah  the  correlation  funotlon  Is  measured  corresponds  to  the  51.1  us  period  of  the  PN  code. 
Thus,  1  a  of  processing  time  In  the  receiver  corresponds  to  51.1us  In  channel  response  time  (a  tlme- 
bandwldth  factor  of  approximately  2  x  10*). 

A  simplified  block  diagram  of  the  probe  is  shown  In  Figure  2.  For  UHF  band  and  troposcatter 
systems,  an  li'  of  70  Klz  and  a  PN  clock  rate  of  10  MHz  are  used.  These  values  were  chosen  to  make  the 
system  compatible  with  existing  communication  systema  that  use  a  standard  70  MHz  IF  and  to  limit  the  PN 
test  signal  bandwidth  to  a  value  commensurate  with  the  power  amplifiers  of  those  systems.  In  order  to 
maintain  frequency  coherence  between  the  tropo  radio  and  the  probe,  the  10-HHz  reference  rrom  the  radio 
lnterfaoe  rack  (LORAN  C)  was  used  as  the  probe  reference  signal  In  parallel  with  the  tropo  radio. 

The  reoelver  of  the  probe  Is  configured  for  dual-ohannel  operation,  but  only  one  channel  Is 
Illustrated  In  Figure  2,  The  two  Independent  channels  allow  data  to  be  collected  simultaneously  from 
two  diversity  links.  The  probe  reoelver  develops  four  signals  from  each  channel.  Two  correlators  are 
used  to  develop  the  ln-phase  and  quadrature  components  of  the  equivalent  low-pass  Impulse  response  of 
the  transmission  channel.  Relative  phases  between  multipath  components  oan  therefore  be  determined. 
The  third  signal  is  developed  from  the  sum-of-the-aquares  processing  of  the  in-phase  and  quadrature 
signals,  whlah  Is  the  power  Impulse  response  of  the  channel.  The  fourth  signal  is  the  reoelved  signal 
level  (RSI),  measured  as  a  power  level  in  the  IF  amplifier  stages.  All  of  these  signals  were  recorded 
on  digital  magnetic,  tape. 


A.  TEST  CONFIGURATIONS  AND  DATA  ACQUISITION  SYSTEM 

Digital  performance  was  measured  with  an  appropriate  bit-error  deteotor,  using  a  predetermined 
digital  test  signal  at  the  designated  transmission  rate.  On  one  hand,  the  FN  test  signal  requires  the 
total  baseband  of  the  radio,  and  thus  oannot  be  transmitted  simultaneously  with  the  data  teat  signal. 
On  the  other  hand,  the  troposaatter  radio  system  uses  quadruple  diversity  in  a  dual  apt.-e/rtual  frequency 
oonf igu-atlon,  so  that  probe  data  and  digital  performance  data  can  be  obtained  simultaneously  over  tne 
link  if  the  radio  is  configured  for  dual  u'verslty  operation.  In  other  words,  one  diversity  pair  oan  be 
used  to  receive  the  probe  signal  while  the  other  diversity  pair  Is  receiving  the  digital  performance 
test  signal.  This  and  the  other  configurations  that  were  used  in  the  test  are  listed  In  Table  1.  The 
frequency  diversity  signals  are  transmitted  with  different  polarizations  (horizontal  and  vertloal)  and 
are  Identified  by  polarization  rather  than  by  frequency  throughout  this  paper. 

Tha  control  for  the  various  configurations  was  provided  at  the  transmitter  terminal  through  the  use 
of  otaxlal  switches  to  change  the  Input  teat  signals.  Command  signals  for  the  coaxial  swltohes  were 
sent  vie  the  ssrvloe  channel  from  the  reoelve  site  to  the  transmit  site.  The  test  proceeded  through  the 
various  configurations  In  a  cyclic  fashion,  operating  in  a  given  configuration  for  a  duration  of 
13  minutes  before  proceeding  to  the  next  configuration.  At  the  transitions  between  configurations,  the 
system  was  put  into  configuration  1  for  a  duration  of  approximately  2  minutes,  during  whloh  time  GTE 
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processed  and  recorded  data.  Thus,  the  twt  oyolwd  through  *11  four  configurations  over  a  period  of 
1  hour.  The  ooaplete  taat  configurations  are  ahown  in  block  diagram  fora  in  Figures  3  and  < 

Tha  ITS  acquired  a  total  of  32  aacnatlo  tapes  of  taat  data.  Data  were  acquired  in  1 -second 
intervals  (oolnoident  with  the  errored-second  perforaanoe  aonitorini  inatruaants  discussed  below).  The 
data  wars  double-buffered  at  the  input,  ooapiled  into  a  5-aeoond  file,  and  recorded  c,i  the  magnetic 
tape.  One  buffer  was  acquiring  new  data  as  the  other  buffer  was  being  read  to  the  tape. 

Data  were  recorded  onto  aagnetlo  tape  only  when  digital  errora  were  detected.  However,  in  test 
configuration  4,  only  the  PN  probe  signal  was  tranaaltted,  so  that  the  bit-error  detector  used  by  GTE 
generated  continuous  errors  by  oca paring  the  probe  signal  to  the  digital  test  signal.  Thus,  data  were 
recorded  continuously  in  test  configuration  b.  The  following  signals  were  reoordadi 

1.  In-phase  and  quadrature  coaponents  of  the  Impulse  response  and  the  power  Impulse  response  fro* 
eaoh  of  the  two  channels  of  the  PH  probe  receiver. 

2.  RSL  (received  signal  level)  of  eaah  tropo  receiver  and  the  two  channels  of  the  PN  probe 
reeel vor. 

3.  Spectrum  of  the  received  signal  in  each  diversity  polarization.  These  data  include  both  the 
probe  and  digital  teat  signal  In  aooord  with  the  applicable  test  configuration  discussed 
above. 

b.  Digital  perforaanoe  (error)  data. 

5.  Test  configuration  number. 

6.  Time  code. 

The  latter  two  signals  were  used  In  the  data  processing  procedures  discussed  in  Section  5. 

Analog  data  inputs  were  sampled  at  different  rates,  commensurate  with  the  Nyqulst  requirements  for 
the  various  signals.  For  example,  the  Impulse  functions  frem  the  PN  probe  require  the  highest  sampling 
rate  for  the  necessary  resolution.  Therefore,  these  functions  (a  total  of  six  signals)  were  sampled  at 
a  rate  of  b  kHz.  The  reaponse  was  measured  once  per  second  In  the  first  20  ms  only,  as  this  part  of  the 
runotlon  Induces  time  delays  to  beyond  tps.  Thus,  eaoh  response  was  sampled  SO  times.  Four  additional 
A/D  channels  were  sampled  at  a  100-Hz  rate.  These  were  used  to  record  the  received  signal  spectra  from 
the  tropo  receivers  and  the  RSL  of  the  two  channels  of  the  PH  probe  receiver.  The  remaining 
six  A/D  channels  were  sampled  at  a  10-Hz  rate  and  were  used  to  record  the  HSL  of  each  of  the  four  tropo 
receivers  as  well  as  the  two  signals  used  to  determine  the  test  configuration  nunber. 

The  digital  performance  data  were  measured  In  the  TTS  system  using  a  recording  error  analyzer 
operating  In  the  external  error  oooe.  This  Instrument  measures  synchronous  errored  seconds  and 
registers  the  number  of  bit  errora  in  eaoh  errored  second.  The  data  source  for  the  Instrument  was  an 
error  pulse  train  developed  in  the  bit-error  detector  used  by  GTE  to  measure  the  radio  performance.  The 
bit-error  '  etector  monitored  the  error  performance  of  one  T1  bank  in  an  FCC-99  multiplexer.  The  other 
five  T!  bulks  were  loaded  with  another  PN  code  stream  that  was  looped  back  and  forth  over  tha  link  to 
simulate  full  load  conditions.  At  no  time  during  the  tests  was  the  error  performance  of  the  full 
mission  bit  stream  monitored. 

The  ITS  provided  additional  support  to  the  test  and  acoeptance  program  by  obtaining  available 
meteorological  data  from  the  U.S.  Air  Force  In  Berlin.  These  consisted  of  radiosonde  data  that  can  be 
used  to  develop  refractive  index  profiles  for  the  link.  The  radiosonde  launoh  altos  were  at  Undenberg, 
East  Oermany,  Hanover,  West  Germany,  and  Berlin.  Computer  programs  developed  at  ITS  were  used  on-site 
to  compute  and  plot  these  profiles  during  the  tests.  The  objective  was  to  correlate  test  results  with 
features  of  these  p-of ilea. 


5.  DATA  PROCESSING 

The  magnetic  tape  recordings  and  radiosonde  data  were  returned  to  the  ITS  laboratories  for 
processing  and  analysis.  The  ITS  has  developed  a  set  of  computer  programs  to  perform  a  variety  or 
analyses  on  the  data  described  above,  including  the  following) 

1.  Average  Impulse  response, 

2.  Probability  density  functions  (pdf)  and  cumulative  distribution  functions  (cdf)  of  the  impulse 
width. 

3.  Pdf  and  cdf  of  the  time  rate-of-ohange  of  the  impulse  width. 

b.  Computation  of  the  two-sided  rms  width  or  the  average  power  Impulse  response  (2s). 

5.  Average  signal  spectrum. 

6.  Pdf  and  odf  of  RSL. 

7.  Cdf  of  1 -second  dER. 

8.  Profiles  of  refraotive  inoex. 
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The  individual  Impulse  response  funotlona  that  were  used  to  compute  tho  inriin  war*  flrat 
normalised  to  that  aaoh  raaponat  had  tha  aaaa  path  valua.  If  tha  valua  of  tha  avaraia  Impulse  po war 
function  at  a  tlaa  dalay  tj  la  danotad  by  P(n),  than  s  la  daflnad  aa 
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where  N  la  tha  number  of  aaapla  points  (80)  and  7  la  tha  atan  tlaa  dalay: 
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Tha  lapulaa  width  la  daflnad  aa  tha  baaa  width  of  an  Individual  power  imbul.se  function,  and  tha  pulaa 
width  rata-of-ohanga  la  ooaputad  aa  tha  dlffaranoe  batwaan  the  pulaa  width  of  an  lapulaa  funotlon  and 
tha  pulaa  width  of  tha  prevloua  (1  second  earlier)  lapulaa. 

It  should  be  noted  that  during  tha  teat  configuration  setup  for  Phase  II  (transalt  from  Berlin  and 
receive  at  Booksberg),  several  changes  to  the  equipcent  configuration  ware  made.  Both  antennas  at 
Bockabarg  ware  realigned,  a  baseband  Interface  problaa  between  the  HD  918  aodea  and  the  KG-81  enoryptlon 
unit  (which  caused  intermittent  burst  errors)  waa  discovered  and  fixed,  and  one  antenna  reedhorn  at 
Bookaberg  waa  replaaed.  Any  one  or  combinations  of  these  changes  could  affeot  the  a.'nolut e  accuracy  or 
the  data  analyses  presented  herein.  The  primary  objeotive  of  tho  data  analyses  has  been  to  identify 
those  periods  during  whloh  the  radio  system  performed  relatively  poorly,  and  to  relate  the  performance 
to  propagation  conditions  in  the  transmission  channel. 


As  discussed  above,  four  different  teat  configurations  were  used  during  the  test  and  acceptance 
program.  However,  only  during  teat  configuration  A  ware  data  collected  on  a  continuous  basis.  For  this 
reason,  analyses  of  Impulse  response  and  RSI.  data  were  performed  systematically  only  for  this  latter 
test  configuration,  In  order  to  obtain  results  that  are  not  biased  by  the  error  performance  of  the  radio 
system.  In  test  configuration  A,  channels  A  and  B  of  the  probe  were  Interfaced  to  tropo  receiver  1 
(horliontal  polarisation)  and  tropo  receiver  A  (vertical  polarisation),  respectively,  thereby  enabling 
the  impulse  response  to  be  analysed  In  both  polarisations. 

Examples  of  the  average  power  Impulse  functions  are  shown  In  Figures  S  and  6.  No  scale  appears  on 
the  vertloal  axes  because  the  PN  receiver  does  not  have  a  looal  signal  sour  or,  and  thus  the  Impulse 
response  magnitude  could  not  be  calibrated)  however,  the  Impulse  functions  are  plotted  on  a  linear 
aoale  and  relative  power  levels  within  a  given  Impulse  function  can  be  determined  accordingly.  The 
legend  in  each  plot  gives  the  start  and  end  times  for  the  analysis  and  the  value  of  2o.  The  statement 
"Node-A"  in  each  legend  refers  to  test  configuration  A, 

The  Impulse  runatlona  corresponding  to  vertical  polarisation  typically  have  a  steep  leading  edge, 
followed  by  a  tall  with  a  relatively  small  amount  of  distortion  corresponding  to  signal  energy  arriving 
at  relatively  large  dalay  times  (Figure  5).  On  the  other  hand,  the  impulse  functions  corresponding  to 
horizontal  polarization  show  a  pronounced  shoulder  on  the  trailing  edge  and  occasionally  a  distinct 
secondary  peak,  suggesting  a  mixed  mode  or  propagation.  An  exception  to  this  pattern  can  be  seen  In  the 
Impulse  functions  In  Figure  6  corresponding  to  the  time  block  on  February  23,  In  whloh  distinct 
shoulders  appear  on  the  leading  and  trailing  edges  for  both  horizontal  and  vertloal  polarization. 

The  digital  performance  data  were  processed  by  computing  cumulative  probability  distributions  of 
1-seoond  bit  error  ratios  (BER)  for  test  configurations  1,  2,  and  3.  As  explained  above,  no  performance 
data  were  provided  during  test  configuration  A  because  the  PN  probe  signal  was  transmitted  over  both 
diversity  pairs.  The  measurement  resolution  was  determined  by  the  bit  rate  of  the  TI  bank  (1.5AA  Mbps) 
whose  performance  waa  monitored.  Since  one  bit  error  Is  the  smallest  number  of  bit  errors  that  can 
ooour  In  any  time  Interval,  the  smallest  1-seoond  BER  that  could  be  measured  was  1/(1 .5AAx10“),  or 
6.A8X10-T. 


The  meteorological  data  consist  of  radiosonde  messages  that  Include  values  of  atmospheric 
temperature,  pressure,  and  dew-point  departure  at  various  heights.  These  data  can  be  used  to  compute 
the  atmospheric  refraotlve  Index  using  tha  Smlth-Heintrsub  relation  (Smith  and  Weintraub,  1953),  which 
expresses  the  refraotlve  Index  In  terms  of  temperature,  pressure,  and  water  vapor  content.  The 
radioaor.ue  data  were  uaed  to  develop  profiles  of  temperature,  relative  humidity,  and  Index  or 
refraction. 

Examples  or  these  profiles  are  shown  In  Figure  7.  Each  plot  Is  labeled  by  time,  date,  and  by  the 
radiosonde  launoh  site  (Hanover,  Lindenberg,  or  Berlin).  Also,  the  elevations  of  the  two  ends  of  the 
link  (Berlin  and  Booksberg)  are  shown  on  the  plots.  In  addition  to  the  profiles  of  temperature, 
relative  humidity,  and  Index  of  refraction  (measured  In  N-unlts),  eaoh  plot  shows  two  other  profiles 
labeled  as  "normal"  and  "duotlng."  These  latter  two  profiles  Illustrate  the  refrsctlvlty  gradients  that 
correspond  to  a  normal  atmosphere  (-A0  N-unlts/km)  and  to  ducting  conditions  (-157  N-unlts/km). 
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4.  PUCPMiat  OP  09H.T9I 


In  this  Motion  the  results  of  the  data  analyses  ara  summarised  and  disouasad.  Eaphaala  has  Men 
plaood  on  tM  ralatlonahipa  batman  propagation  parauMtara  and  radio  performance.  Than  tha  aaaaurad 
values  of  delay  apraad  ara  soaparad  with  thaoratloal  values  derived  by  applying  ray  thaory  to  tha 
Berlln/Boekaberg  path  proflla.  This  analysis  indloatas  that  tha  aaaaurad  valuaa  of  daisy  apraad  ara 
oftan  largar  than  thaoratloal  expectations  and  provldas  additional  lnalght  Into  tha  affects  or 
propagation  on  radio  parforMnoa. 

4.1  bmvy  or  Tnyrg - and  Nrfw—aa  Data 

For  aaaa  of  prasantatlon,  tha  rMulta  of  tha  data  analyaaa  hart  bean  summarized  In  graphical  torn, 
Figuraa  8  through  12  ara  llna  ploto  of  2o,  pulsa  width,  pulaa  width  rata-of-ohanga,  and  RSL  versus  tins 
for  tha  period  February  2A  through  26,  In  addition,  aaoh  figure  also  contains  llna  plots  of  BER  over 
thla  aaaa  tlae  period  In  order  to  faollltate  comparing  tha  propagation  and  perforaanoa  data.  Tha 
reaulta  shown  In  thaaa  figuraa  at  body  only  a  aaall  portion  of  all  tha  data  analyses  that  were  performed, 
but  ara  representative  of  tha  eoaplete  data  base. 

Each  point  Is  plotted  at  tha  tiaa  that  corresponds  to  tha  center  cf  tha  tlae  block  tor  that 
particular  analysis.  All  tlaas  arc  given  In  Universal  Tlaa  CUT) j  in  Geraany  tha  local  tlae  Is  one  hour 
ahead  of  UT.  Tha  tiaa  blooks  used  for  these  analyaaa  vary  froa  approximately  1  to  10  hours.  The  tlae 
blooka  ara  not  of  equal  length  because  tha  tlaaa  during  which  data  were  collected  were  soaetlaes  highly 
irregular,  due  to  equipment  failures  and  perlodlo  RSL  calibrations.  Figure  8  shows  the  2o  values  for 
receivers  1  and  A  for  test  configuration  A.  Tha  2o  values  for  reoelvar  A  (vertical  polarization)  vary 
froa  approxlaately  90  ns  to  120  ns.  For  receiver  1  (horizontal  polarization)  the  2o  values  are  somewhat 
largar,  varying  froa  approxlaately  1A0  ns  to  170  ns. 

When  Interpreting  delay-spread  measurements ,  It  should  be  recognized  that  the  measured  Impulse 
response  Is  aetually  tha  convolution  of  tha  lapulae  response  of  the  transmission  channel  with  the 
impulse  response  of  the  PN  probe  uaad  to  make  the  measurement.  The  probe  Impulse  response  Is  the 
autocorrelation  function  of  tha  PN  coda,  which  is  a  triangular  pulse  whose  base  width  Is  equal  to 
two  PN  bit  tines  (200  ns  far  a  10  Mbps  clock  rate).  The  power  Impulse  response  of  the  probe  is 
therefore  tha  square  or  the  PN  autocorrelation  function.  It  Is  straightforward  to  caloulata  2o  (twice 
the  standard  deviation)  for  such  a  pulse;  the  result  la  63.2  ns.  Thus,  a  nondlsperslve  channel  would 
have  a  measured  2a  equal  to  63.2  ns.  If  one  attributes  the  multipath  dispersion  of  the  transmission 
ohannel  to  the  dlffaranoa  between  tha  measured  2a  and  the  value  of  2o  that  would  be  measured  for  a 
nondlsperslve  ohannel  (63.2  ns),  the  results  preaentad  herein  Imply  multipath  dispersions  that  vary  from 
less  than  30  ns  to  greater  than  100  ns.  Expressed  In  terms  of  the  symbol  time  T  (200  ns),  2o/T  varies 
from  approximately  0.15  to  0.5. 

Figures  9  and  10  are  line  plots  or  the  pulse  widths  Tor  receivers  1  and  A,  respectively.  Each 
figure  shows  three  plots,  whloh  correspond  to  the  minimum,  median,  and  maximum  values  of  pulse  width, 
obtained  from  the  cumulative  distributions.  Although  the  maximum  pulse  widths  are  greater  (by 
approxlaately  50  ns)  for  receiver  A  (vertical  polarization),  the  median  and  minimum  pulse  widths  are 
greater  (by  approximately  50  ns)  for  receiver  1  (horizontal  polarization). 

Line  plots  of  the  median  pulse  width  rat es-of- change  for  reoeivers  1  and  A  ara  shown  In  Figure  11. 
The  median  ratea-of-ahange  vary  from  approximately  20  ns/s  to  200  ns/s  and  are  greater  for  receiver  A. 
In  view  of  the  fact  that  median  pulse  widths  are  typloally  on  the  order  of  A00  na,  these  results 
Indicate  that  the  troposoatter  channel  is  quite  dynamic  over  time  scales  on  the  order  of  or  less  than 
1  second. 

Figure  12  shows  RSL  plots  for  receiver  1.  Each  figure  has  three  plots,  corresponding  to  the 
minimum,  median,  and  maximum  values  of  RSL  obtained  from  the  cumulative  distributions.  Although  RSL  has 
not  been  converted  to  path  loss,  the  median  RSLa  vary  froa  approximately  -A5  dBm  to  -85  dBm, 
corresponding  to  a  A0  dB  variation  In  path  loss.  The  trends  are  similar  for  all  four  receivers. 
However,  receiver  1  had  the  highest  RSLs.  Receiver  2  was  down  from  1  by  approxlaately  1  dB,  receiver  3 
was  down  from  1  by  approximately  9  dB,  and  receiver  A  was  down  from  1  by  approximately  5  dB.  Thus,  the 
horizontal  diversity  pair  (reoeivers  1  and  2)  had,  on  the  average,  approximately  7  dB  greater  RSL  than 
did  the  vertical  diversity  pair. 

The  BER  data  Tor  all  three  diversities  are  shown  In  the  lower  halves  of  Figures  8  through  12.  The 
values  plotted  correspond  to  a  probability  of  0.9  In  the  cumulative  distributions,  A  probability  of  0.9 
was  chosen  rather  than  0.5  (corresponding  to  the  median  value)  because  the  median  value  was  often  less 
than  the  measurement  resolution  (6.A8xl0~") . 

As  expeoted,  the  qutdruple  diversity  had  lower  BERs  than  either  of  the  dual  diversity 
configurations.  However,  the  vertical  diversity  pair  consistently  had  higher  BERa  than  the  horizontal 
diversity  pair.  Thus,  the  horizontal  diversity  pair  had  higher  RSLi.,  larger  delay  spreads,  and  lower 
BERa  than  the  vertical  diversity.  Slnoe  a  higher  RSL  la  expected  to  improve  performance,  wherens  a 
largar  delay  spread  is  expected  to  degrade  performance,  It  appears  that  the  differences  In  RSL  (between 
the  two  diversities)  Influenced  performance  more  strongly  than  differences  in  delay  spread. 

Futhermwe,  comparing  the  BEN  data  with  the  delay  spread  results  In  Figures  8  through  10,  and  the 
RSL  data  In  Figure  12  Indicates  that  within  a  given  channel,  variations  In  RSL  correlate  with 
performance  more  closely  than  variations  in  delay  spread.  For  example,  tha  periods  of  good  performance 
on  the  me  iga  of  February  2A,  25,  and  26  ara  accompanied  by  corresponding  rises  In  RSL,  whereas  the  2e 
and  pulse-  dth  values  are  not  particularly  small  at  these  times.  However,  it  should  be  recognized  that 
tha  adaptive  equalisation  In  the  HO  918  la  designed  to  oompenaate  for  oultlpath  dispersion,  whloh  la 
consistent  with  tha  observation  that  delay  spread  and  perforaanoa  are  not  well  oorrelated. 


On  the  othtr  hand,  th*  gross  variations  In  ths  puls*  width  ratss-of-ohant*  in  Pleura  11  apptar  to 
track  tha  variations  In  BSR  for  both  divaraltias,  Tha  fact  that  tha  ratas-of-change  ware  generally 
eras tar  for  receiver  »  ivartloal)  that  for  reoalvar  1  (horlsontal)  oorroboratas  tha  vlaw  that  (raster 
ratee-of-ohange  are  aaaoolatad  with  higher  BBSs.  This  trend  is  also  present  in  tha  results  or  other 
data  analyses  not  shown  in  Figure  11  and  suggests  that  substantial  gains  in  performance  could  be 
realised  by  tha  laplesentatlon  of  adaptlva  equalisation  that  takas  ohannel  dynaalo*  into  account. 

Th?  eeteorologl cal  profiles  (suoh  as  those  in  Figure  7)  have  bean  examined  for  features  that 
oorralata  with  periods  of  good  and  poor  performance!  however,  no  obvious  trends  have  been  noted.  The 
surfaoe  refraotlvlty  showed  little  variation  during  the  period  February  Ik-28,  and  was  close  to 
310  N-unlts.  This  value  is  consistent  with  other  ■'efraotlvlty  measurements  in  continental,  t separate 
climates  during  the  winter  season  (Bean  at  al.,  19661  nciR,  1978a). 

The  refraotlvlty  gradients  ware  generally  close  to  that  of  a  standard  atmosphere  (-90  N-units/ka), 
with  a  tendency  to  be  slightly  subrefraotlvs  (smaller  gradients).  Oooaslonal  discontinuities  in  the 
refraotlvlty  gradient  (indloating  the  preaanoe  of  ataoapherlo  layers)  appear  in  the  refraotlvlty 
profiles,  and  are  often  rjooapenled  by  temperature  Inversion*.  However,  these  inversions  and/or  layers 
do  not  appear  to  correlate  in  any  obvious  way  with  periods  of  good  or  poor  performance.  Similarly,  no 
unusual  features  are  apparent  in  tha  profiles  during  periods  of  unusually  large  or  snail  delay  spread. 

It  should  ce  recognised  that  the  radiosonde  data  u-a  rather  sparse!  in  faot,  adjacent  data  points 
in  the  profiles  are  often  separated  by  several  hundred  meters.  Thus,  the  preaanoe  of  thin 
refleotlng/refraoting  layers  would  not  generally  appear  in  tha  profiles.  Horso/er,  seasonal  variations 
in  refraotlvlty  oould  not  be  observed  over  tha  two-week  period  during  which  date  were  collected. 


6.2  Comparison  of  Msaaired  and  Theoretical  Values  of  Delay  Spread 

The  values  of  delay  spread  reported  herein  are  ocnparable  tc  those  found  by  previous  measurements 
over  other  troposoutter  paths.  For  example,  Sherwood  and  Suyeaoto  (1977)  reported  values  or  2c  which 
varied  from  50  ns  to  372  ns  with  a  mean  of  180  ns,  and  Hubbard  (1983),  who  reported  values  or  pulse 
width  measured  with  the  PH  ohannel  probe,  found  values  ranging  from  lass  than  200  ns  to  greater  than 
ips.  However,  Sherwood  a-d  Suyemoto  pointed  out  that  their  measured  values  or  2o  were  somewhat  larger 
than  those  predicted  by  the  Bello  (1969)  ohannel  model. 

i'ne  Bello  model,  and  variations  of  it,  use  turbulent  scattering  theory  to  oempets  the  differential 
scattering  cross  section  in  the  .common  volume,  thereby  determining  the  amount  of  scattered  energy 
received  from  eaoh  point  in  the  common  voiiae.  Ray  treolng  is  than  used  to  compute  the  relative  delay 
times  from  eaoh  point  in  the  oommon  vol'ma,  end  tha  power  Impulse  function  is  developed  by  Integrating 
the  reoelved  power  over  tha  ooeuon  volume  for  eaoh  value  of  delay  time.  The  delay  spread  can  therefore 
be  estimated  by  calculating  the  spread  in  arrival  tints  of  rays  propagating  from  the  transmitter  to  the 
receiver  via  scattering  In  the  cannon  volume. 

The  location  of  the  oommon  volume  for  the  Bsrlln/Bocksberg  link  la  illustrated  with  the  path 
profile  in  Figure  1,  The  upper  two  rays  correspond  to  ths  hsir-powsr  bsamwldths  of  the  antenna  patterns 
and  ths  lower  two  rsys  correspond  to  tha  antenna  boreaitss.  Tha  common  volume  is  the  region  enclosed  by 
these  rays.  The  take-off  angles  of  the  rays  were  determined  by  positioning  the  borealtea  on  the  radio 
horixons.  For  30-foot  antennae  operating  in  the  9.5-5. 0  OH*  band,  the  half-power  beenwldtha  ere 
approximately  0.5*.  The  rays  corresponding  to  the  half-power  beamwldtha  therefore  have  take-off  angles 
0.25*  above  borealte.  Using  this  construction,  the  positions  of  the  extremities  of  the  common  volume 
(in  the  plane  of  the  propagation  path)  can  be  obtained  directly  from  the  path  profile  in  terms  of 
elevation  above  see  level  and  lateral  listener  along  the  path. 

The  path  lengths  for  the  various  rays  were  then  calculated  using  the  construction  shown  in 
Figure  13.  The  rey  paths  ere  assumed  to  be  straight  lines  over  an  earth  of  effective  radius  R#.  For  a 
standard  atmosphere,  R„  -  8997  km.  Tha  angle  ♦  for  a  point  in  the  common  volume  can  be  expressed  in 
terms  of  lta  lateral  distance  d0  along  the  path  as  p  -  dn/Re.  Applying  the  law  of  sines  to  the  triangle 
in  Figure  13  implies  that  the  ray  path  length  dg  is  given  by 

dg  -  (R,*h)  slnp/cos  (»-p), 

where  h  is  the  antenna  elevation  and  8  is  the  rey  takeoff  angle  msesured  downward  from  the  horizontal. 

It  was  round  that  the  path  length  dirferenoe  for  rays  propagating  through  the  highest  and  lowest 
points  in  the  common  voliaie  is  only  1  m,  implying  a  delay  spread  of  only  aev.rel  ns.  For  the  rsya 
propagating  through  the  two  lateral  extremes  of  the  common  volume  (in  the  plane  of  the  propagation 
path),  tha  path  length  difference  ia  6  m,  which  translates  into  a  delay  spread  of  approximately  20  ns. 
Of  ocurso,  this  oeloulatlon  does  not  take  into  aooount  the  lateral  extent  of  the  common  volume 
transverse  to  the  propagation  path.  Howaver.  it  is  easy  to  show  that  tha  delay  spread  due  to  lateral 
spreading  of  the  beamv  is  oomperable  to  that  due  to  spreading  in  the  vertical  dimension  (-  1  ns).  Thus, 
for  pure  troposcatter  propagation  one  expeote  a  measured  value  of  2o  whloh  le  approximately  20  ns 
greeter  than  that  measured  for  a  nondlsperslve  ohannel  ($3.2  ns),  or  approximately  85  ns. 

This  was  occasionally  observed  for  vertical  polarisation,  in  whloh  case  the  power  Impulse  function 
oonalste  of  a  symmetric  peek  with  very  little  distortion  in  either  the  leading  or  trailing  edges.  The 
faot  that  muoh  larger  valuer  of  2s  were  measured  when  shoulders  appeared  on  the  leading  and/or  trailing 
edges  of  the  impulse  functions  suggests  that  these  features  were  due  to  non-troposoatter  modes  of 
propagation.  However,  the  ray  tracing  calculations  discussed  above  imply  that  diffraction,  foreground 
effects  (if  any  ere  present),  *nd/or  rerieetlrne  from  atmoapherio  layers  generate  email  («  l  ns) 
contributions  to  delay  spread,  to  be  compared  with  discrepancies  of  tens  of  ns.  If  the  large  delay 
spreads  ere  not  attributed  to  non-troposoatter  modes  of  propagation,  then  a  possible  explanation  is  that 


the  time  of  arrival  of  signal  energy  variaa  by  tana  of  ns  over  tha  tlaa  lntarval  during  which  tha 
Impulse  rasponaa  la  saaaurad.  If  thla  la  tha  oaaa,  than  tha  tropoaoattar  ohannal  la  dynaato  ovar  tlaa 
aoalca  on  tha  ordar  of  aavaral  aa. 

Tha  quaatlon  raaalna  aa  to  why  tha  horiaontal  dl varsity  pair  oonalatantly  had  largar  daisy  apraada 
and  hlghar  ROLs  than  tha  var tidal  dl varsity  pair.  Howavar,  aa  waa  point ad  out  In  Saotlon  5,  aavaral 
hardwara  problaaa  with  tha  radio  ayataa  wars  dlaoovarad  and  flxad  aftar  tha  data  dlacuaaad  haraln  wars 
obtalnad.  Also,  tha  horliontally  and  vartloally  polarlaad  signals  wars  transalttad  froai  dlffarant 
antannaa  at  Bookabarg. 


T.  COKUBKMS 

Tha  primary  objactlva  of  thla  work,  to  obtain  daisy  spraad  aaaauraaanta  In  oonjunotlon  with  digital 
parforaanoa  data  ovar  tha  Bsrlin/Booksbarg  trope  link,  has  baan  aat.  Tha  PH  ohannal  proba  provad  to  ba 
quite  valuabla  for  this  purpoaai  various  propagation  aodaa  oan  readily  ba  discerned  froa  tha  lapulaa 
raaponsa  data  and  dynaaio  changes  in  tha  transalsalon  ohannal  oan  ba  observed  and  analysed. 

Tha  values  of  delay  spread  that  wars  obtained  ovar  this  link  ara  comparable  to  thosa  obtalnad  from 
previous  measurements  over  other  tropoaoattar  paths,  and  ara  often  larger  than  the  value  axpactad  for 
pure  tropoaoattar  propagation.  In  particular,  tha  values  of  tha  two-sided  ms  width  of  the  power 
impulse  function,  2s,  varied  from  lass  than  90  ns  to  170  ns,  to  ba  compared  with  a  value  or 
approximately  85  ns  expected  for  pure  troposcatter  propagation  in  a  stationary  channel. 

Variations  In  performance  appeared  to  correlate  well  with  variations  In  RSL,  as  expected.  However, 
It  was  also  observed  that  ohannal  dynamics  Is  related  to  radio  performance)  in  particular,  per lode  of 
poor  performance  were  accompanied  by  large  values  (greater  than  150  ns/s)  of  the  pulse  width 
rate-of -change .  This  portends  the  need  to  take  Into  aocount  channel  dynamics  In  troposcatter  models  and 
in  the  design  of  adaptive  equalisation  teohnlquaa.  Suoh  an  approach  aould  greatly  enhance  the 
capability  to  combat  the  effects  of  multipath  dispersion  on  digital  transmission  systems. 
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DISCUSSION 


C.  Goutelard,  FR 

English  translation 

Your  lecture  is  very  interesting.  You  introduce  a  new  factor  and 
suggest  chat  it  be  taken  into  account  in  simulations.  You  gave 
results  on  the  BER.  Did  you  study  the  laws  of  distribution  of  errors 
in  the  function  of  thr  parameters?  You  know  the  importance  of  these 
parameters  in  correcting  error  problems. 

Author's  Reply 

The  BER  results  presented  in  this  paper  were  obtained  from  cumulative 
probablility  distribution  functions  of  1-secoud  BERs  and  correspond 
to  the  BERs  at  a  probability  of  0.9.  In  this  sense,  the  error 
distributions  were  studied  as  functions  of  various  parameters,  for 
example,  pulse  width  rate-of-change.  However,  other  features  of  the 
error  distributions,  such  as  error  burst  characteristics,  have  not 
been  analyzed. 

S.  Silleni,  IT 

A  question  about  your  experimental  technique.  Was  the  refractlvlty 
(point  S.8  and  Fig.  7)  computed  from  ionosonde  data  or  was  it 
measured  by  airborne  ref ractometer? 

Author's  Reply 

The  Intended  yse  of  the  radio  system  discussed  in  this  paper  is  to 
carry  operational  traffic.  However,  the  comparison  of  measured 
performance  with  military  and/or  CCIR  standards  was  the 
responsibility  of  Che  prime  contractor  for  the  test  and  acceptance 
program  (GTE  Government  Systems  Corporation).  The  purpose  of  the 
analyses  discussed  here  has  been  to  identify  those  periods  during 
which  the  radio  system  performed  relatively  poorly,  and  to  attempt  to 
correlate  the  performance  with  propagation  conditions  in  the 
transmission  channel. 

R.J.  Miller,  UK 

The  technique  used  is  pulse  comparison  in  radars;  much  work  has  been 
done  to  establish  pseudo-random  sequences  giving  low  9idelobe 
levels.  Is  it  possible  that  "skirts"  on  one  of  your  illustrations  is 
due  to  very  rapid  fluctuations  in  the  scattering  medium? 

Author's  Reply 

The  PN  sequence  used  in  the  channel  probe  is  a  maximal  length  shift 
register  sequence,  for  which  the  autocorrelation  function  is  a 
triangular  pulse  with  _no  sidelebes.  This  is  the  primary  reason  that 
such  a  FN  sequence  was  chosen  for  the  channel  probe.  Yes,  it  seems 
possible  tnat  the  "skirts"  in  the  impulse  functions  are  due  to  rapid 
fluctuations  in  the  transmission  medium.  However,  if  this  is  the 
case,  then  these  fluctuations  must  take  place  over  time  scales  on  the 
order  of,  or  less  than,  several  milliseconds,  since  this  is  the  time 
scale  over  which  a  single  Impulse  function  is  measured. 

L.  Boithias,  FR 

Is  this  equipment  used  for  the  transmission  of  information,  and  in 
this  case,  what  is  the  performance  obtained  in  comparison  with 
military  of  CCIR  standards? 

Author's  Reply 

The  refractlvlty  has  been  computed  from  radiosonde  data. 
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SUVMART 

This  paper  begins  with  a  brief  summary  of  prior  work  In  the  field  of  microwave  llne-of-slght  (LOS) 
channel  propagation  measurements,  channel  models,  and  channel  simulators.  The  objective  of  these 
efforts  Is  the  reliable  prediction  of  digital  microwave  radio  performance  on  any  specified  link.  The 
ideal  channel  simulator  is  one  that  operates  at  rf,  operates  under  computer  oontrol,  Is  dynamic, 
simulates  both  minimum  and  nonminimum  phase  distortions,  and  has  a  dual  channel  capability  for  the 
comparative  evaluation  of  space  and  frequency  diversity  radios.  Significant  parameters  of  this  ideal 
simulator  should  be  based  on  a  model  that  has  been  validated  through  propagation  measurements  on 
different  representative  paths.  Although  much  progress  has  been  made,  a  number  of  Issues  remain.  The 
work  of  the  Institute  for  Telecommunication  Sciences  (ITS)  in  the  area  of  channel  simulation, 
propagation  measurements,  and  modeling  is  desorloed.  Together  with  channel  measurement  programs 
currently  under  way  by  ITS,  this  work  should  be  helpful  In  the  resolution  of  many  of  the  remaining 
issues. 


1 .  INTRODUCTION 

Many  authors  have  reported  that  multipath  fading,  l.e.,  frequency-selective  or  dispersive  rad!  ig, 
Is  the  dominant  reason  for  propagation-caused  outages  In  wideband  mlctowave  digital  radio  systems 
Cl-10].  Greenfield  [8]  found  that  dispersive  fading  was  virtually  the  sole  cause  or  outage  on  e  long, 
6-OHz  path  In  the  western  United  States.  Frequency-selective  fading  has  a  much  greater  ef.ect  on 
digital  radio  performance  than  It  does  on  analog  radio  performance  tl  3 .  In  analog  radio  transmission, 
the  major  source  cf  propagation-related  outage  Is  flat  fading  rather  than  rrequency-selective  fading. 
For  analog  systems,  frequency-selective  fading  does  cause  lntermodulatlon  distortion,  but  this  effect  Is 
secondary  to  flat  fading.  For  digital  radios,  the  effect  Of  rrequency-selective  fading  Is  much  more 
severe.  Unlike  analog  systems,  digital  radios  are  relatively  insensitive  to  flat  fading  and  are 
primarily  affected  by  dispersive  multipath  fading  [63. 

In  the  last  decade,  numerous  techniques  have  been  devised  to  mitigate  the  efrects  of  frequency- 
selective  fading  on  digital  microwave  radios  including:  space  diversity,  frequency  diversity,  angle 
diversity,  polarisation  diversity,  adaptive  equalisers,  and  more  robust  modulation  sohemes.  Both 
vertical  and  horizontal  [111  separation  of  space  diversity  antennas  have  been  utilized.  Several  types 
of  adaptive  equalizers  have  been  developed,  Including  both  slope  (frequency  domain)  and  transversal 
filter  (time  domain)  equalizers.  Many  of  these  techniques  are  currently  Incorporated  in  coeunerclally 
available  digital  radios. 

The  leaks  of  evaluating  the  relative  effectiveness  of  the  above  techniques,  comparing  the 
performance  of  several  digital  radios,  and  predicting  the  performance  of  a  specific  radio  on  a  specific 
link  are  very  complex.  In  general,  radio  performance  car.  be  estimated  theoretically,  through  field 
measurements,  through  the  use  of  channel  slmulstore,  or  through  a  selected  combination  of  these  three. 
Some  of  the  advantages  of  channel  simulator  uae  ars  as  follows  [12,  133:  rsduoec  cost,  repeatability, 
a'-uracy,  ooaplete  testing  over  e  full  range  of  channel  conditions,  and  test  bed  availability.  When 
considering  a  competitive  procurement  of  off-the-shelf  digital  radios  for  use  in  military  communications 
systems,  the  first  two  advantages  are  particularly  strong  arguments  for  the  use  of  channel  simulation. 
The  comparative  performance  evaluation  of  several  radios  requires  that  the  testing  be  conducted  under 
Identical  teat  conditions.  This  oan  he  done  most  economically  in  the  laboratory  using  a  channel 
simulator. 

The  results  of  digital  radio  teats  that  utilize  a  channel  simulator  are  critically  dependent  upon 
the  aoourecy  and  completeness  of  the  model  that  la  the  basis  of  the  simulator.  They  are  ala  .  dependant 
upon  the  methodology  used  In  Implementing  that  model  In  simulator  hardware  and  software.  Much  progress 
has  been  riade  In  the  area  of  LOS  ohannel  modeling  and  simulation  since  the  realization  In  the  late 
1970's  o';  the  vulnerability  of  digital  microwave  radios  to  multipath  fading.  Additional  work  Is 
required,  however.  Evidence  of  the  need  for  additional  research  is  provided  by  Ranade  [143  who  found 
that  estimates  of  outage  seconds  based  on  equipment  fading  signatures  are  an  order  of  magnitude  less 
then  outage  aeoonda  observed  In  the  field.  Oreenateln  and  Shaft  [153  state  that  "outage  calculation 
metLoWj  that  Include  diversity  effects  lack  completeness  and  maturity." 

Vhe  ultimate  objective  of  all  this  research  Is  the  accurate  prediction  of  the  outage  probability 
of  any  specified  radio  on  any  apeolfled  link.  It  is  the  purpose  of  this  paper  to  review  briefly  the 
progress  that  has  been  made  toward  the  achievement  of  this  objective.  The  review  Includes  a  short 
summery  of  measurements  that  have  been  made  and  ohannel  modela  that  have  been  developed.  The  ITS 
channel  simulator  la  then  described,  along  with  results  of  digital  radio  tests  with  the  simulator.  The 
ITS  ohannel  propagation  measurement  data  and  the  assoolated  Multipath  Analysis  Software  Paokage  (HASP) 
are  then  presented.  This  la  followed  by  a  discussion  of  some  of  the  remaining  Issues  In  LOS  ohannel 
measurement,  modeling,  and  simulation.  The  paper  closes  with  a  discussion  of  the  application  of  MASP 
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data  to  these  lesuas.  The  simulator  and  measurement  program  oonduotad  by  ITS  ire  viewed  ea  steps 
toward  the  achievement  of  the  ultiaate  objective  of  aoourate  prediction  of  digital  radio  outage. 


2.  LOS  CHAXNIL  MKASURMHTS  AMD  HOOCLS — A  HISTORICAL  REVIEW 

A  slapliried,  geoaetrloal  optloa  representation  of  the  transfer  funotlon  of  a  point-to-point, 
n-path  propagation  channel  la  given  by 

Hn(u)  -  P!  exp(18,)  +  P2  explleg)  ♦  ...  ♦  pn  wxp(18n) 

-  Rn  exp(l«„)  -  Rn_,  exp(l«n_i)  ♦  pn  exp(16n), 

where 

Rk  *  CRS-1  *  ?&  *  2Rk-lPk  oo*(«i<  -d|<-))]'/2, 

«„  -  ok-,  ♦  tan  -1  r  Pk  sic  18k  -  «k-1>  ]  , 

L  Rk-1  *  Pk  008 (*k  '  «k-1>  J 

k  -  1 ,  2,  .. .,  ni  (Rq,  oo  *  0) 

and  pk  2  0,  8k  ■  8k(«i).  In  this  description,  the  fraquenoy  variation,  w  -  2xf,  la  contained  only  In  the 
phase  teras  under  the  assumption  that  the  magnitudes  pk  remain  constant  with  frequency  over  the 
bandwidth  ot  Interest.  Furthermore ,  It  Is  usual  to  oonsider  only  the  attenuation  relative  to  node 
"principal  path,"  In  which  case  pt  -  1  and  8i  -  0. 

Of  special  concern  to  system  performance  are  the  regions  near  the  amplitude  nulls  of  the  model, 
l.e.,  where  the  cosine  In  (2),  for  k  »  n,  Is  negative.  In  actual  measurement!},  a  null  oar.  be  olassiried 
Into-  one  or  two  types  according  to  the  group  delay  response  don/du.  If  we  derine  8n  -  on-j  ■  i  *  «n, 
the  group  delay  la  given  by 

Q0n.  Pn(Pn  "  Rn-1  coa*r. )  <14n*  Pn  dRn-i4  don-t. 

dw  Rjj  du  Rji  diii  du 

Hear  an  amplitude  null  (8n — »•  2m»),  It  can  be  seen  that  the  factor  multiplying  dpn/dw  will  be 
positive  or  negative  depending  on  whether  pn  Is  greater  or  less  than  Rn-i-  The  two  oases  correspond, 
respectively,  to  the  so-called  nonalnlausi  and  minima  phase  conditions. 

Equations  (1)  through  14)  provide  a  formal  representation  of  the  simplified  n-path  model  and,  In 
fact,  (1b)  Indicates  that  any  number  of  paths  can  be  considered  as  a  pseudo  two-path  model.  This  Is 
perhaps  one  of  the  reasons  why  confusion  sometimes  arises  as  to  whether  a  model  Is  "really"  two-path  or 
three-path. 

For  lnatanae,  the  Rummler  model  [163  can  be  obtained  Trom  (1b)  by  assuming  Rn„j  -  a,  pn  ■  ab, 
°n-1  '  an<)  6n  -  x  ♦  (w  -  wo)'1 

Hn(u)  -  a[1  -  b  expC i <ui  -  u(j)t3.  (5a) 

|Hn(«)|  -  Rn  -  a[l  ♦  b2  -  2b  cost  (as  -  as0)T)31/2, 

don  b[b  -  oosHui  -  11)0)1)31 

das  1  ♦  b2  -  2b  cost  (as  -  aso)i) 

The  same  results  oan  be  obtained  for  n  -  3  by  letting  pj  -  1 ,  p2  .  a 

Notice  that  the  condition  «n_i  -  0  severely  restricts  the  descriptive  capabilities  of  the  modol. 
This  la  best  seen  by  assuming  a  simple  linear  frequency  variation,  on_i  -  (as  -  aso)in-i,  and  comparing 
plots  of  don/das  from  (4)  for  the  two  oases.  The  Inclusion  of  a  nonzero  on_.  appears  to  characterize  the 
delay  offsets  and  different  delay  curve  shapes,  Including  the  flat  delay  scans,  noted  by  Balaoan  [17). 

Moat  researchers  have  assumed  either  an  effective  two-  or  three-path  attenuation  model  (pj  -  1, 
81  -  0).  Rummler's  three-path  model  (5)  presupposes  a  negligible  time  daisy  between  the  direct  ray  and 
the  second  path.  The  "a"  parameter  is  satuelly  the  vector  sun  of  the  first  two  paths  and  "ab"  Is  the 
amplitude  of  the  third  ray.  The  number  of  parameters  Is  further  reduced  by  giving  "t"  a  fixed  value  of 
6.3  ns.  This  was  done  In  order  to  fit  the  experimental  data  to  the  equation.  Runnier  has  found  that  the 
parameter  "b"  Is  exponentially  distributed  with  a  mean  of  3.8  dB,  the  parameter  "a"  depends  on  "b"  and 
la  lognormal,  and  wo  Is  a  two-level  function.  A  physical  Interpretation  of  (5)  would  lead  one  to 
oonclude  that  wq  should  be  uniformly  distributed.  However,  the  model  becomes  nonphysical  because  of  the 
assumption  of  a  fixed  value  of  1  of  6,3  ns. 

The  Rummler  model  parameter  statistics  were  developed  from  a  data  base  consisting  of 
25.000  measurements  of  received  power  vs  frequency  in  a  25.3-HHz  bandwidth.  The  measurements  were  made 
on  a  42,3  km  (26.4-wl)  path  In  Georgia  In  June  1977.  Power  measurements  were  made  at  24  frequencies 
spaced  by  1 . 1  MHz. 

husmler  developed  an  approach  for  predicting  outage  [18,  193  and  developed  an  extension  to  the 
model  for  space  and  fraquenoy  diversity  applications  [20-233.  This  work  la  summarized  in  [243. 

Other  authors  have  further  extended  the  work  of  Rummler.  Ranade  and  Orasnfleld  [253  have  devised 
a  technique  for  characterizing  the  yearly  variations  of  the  relative  amounts  of  dispersive  end  flat 
fading,  oreensteln  end  Yeh  [263  end  Csrtledge  [273  have  used  the  diversity  model  to  investigate  the 
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effect  nf  both  spaoe  01  vanity  and  adaptiva  equalization  on  tha  performance  or  digital  radio  systems. 
Galaban  [17]  generalized  Rummler' s  nodal  to  inoluda  group  dalay  or  nlnlnun/nonalnlaun  phaaa.  Thia  waa 
baaad  on  field  naa&uraaanta  in  Florida.  Ranade  [It]  davalopad  an  laprovad  method  for  tha  calculation  or 
tha  dlsperaiva  fada  aargin.  Thia  aathod  takaa  into  oonaldaratlon  the  fact  that  there  ia  a  performance 
hyataraala  in  adaptive  equalizer a. 

Tha  aaaa  data  uaed  by  Rtmmler  ware  alao  uaad  by  Graanatain  and  CzekaJ  [28]  to  develop  a  polynomial 
nodal  of  tha  ohannal  tranafar  funotion.  In  a  later  paper  [29],  Wong  and  Oreenateln  atate  that  tha 
three-path  nodal  la  preferable  to  the  polynomial  nodal.  Subsequently,  the  polynomial  nodal  has  received 
little  attention.  However,  Sylvain  and  Lavergnal  [30]  report  that  both  the  Runnier  and  Oreenateln 
nodela  are  in  good  agreeeient  with  their  neaaured  data. 

A  two-path  nodal  uaed  by  Meyers  [31]  and  Graanatain  and  Prabhu  [32]  lncludea  an  additional  phase 
tern  that  represents  the  notoh  location  of  the  null  in  the  apeotrum.  Kolton  [33]  found  that  a  two-path 
nodal  io  adequ.ua  95.3  percent  of  the  tine  based  on  data  collected  by  ITS  on  a  long  (105  km)  overwater 
path  off  the  coast  of  California  [34]. 

Nunerous  channel  neasurenents  have  been  nade  using  the  Inband  power  distortion  (IBPD)  technique 
[8,  35].  IBPD  is  the  power  difference  between  the  nazlnun  and  nininuo  attenuation  of  the  received 
signal  measured  at  several  frequencies  within  the  channel  pasaband.  Ranade  [14]  states  that  the 
severity  of  frequency-sal active  fading  can  be  defined  by  this  single  paraaeter.  Some  performance 
prediction  models  are  based  on  IBPD  data  (see  [3]  for  example). 

Greensteln  and  Shaft  [15]  atate  that  a  general  three-path  model  may  be  more  appropriate  than  the 
simplified  three-path  nodal  for  modeling  of  links  having  a  terrain  refleotlon.  It  has  been  demonstrated 
by  Pari  [36]  that  there  will  always  be  an  odd  number  of  rays  (the  dlreot  and  two  refracted  rays)  from 
atmospheric  refraction  considerations  alone.  Siller  [37]  also  notes  the  need  for  an  odd  number  of  rays 
whenever  the  receiver  la  situated  within  an  appropriate  atmospheric  duct.  Martin  [38]  states  that  group 
delay  oan  be  explained  correctly  only  if  one  assumes  that  at  least  three  rays  arrive  at  the  receiving 
antenna. 


3.  ns  approach  to  Musucunrs,  modclirg,  aid  sdulation 

The  Institute  for  Telecommunication  Sciences  has  developed  an  LOS  microwave  channel  simulator  for 
testing  digital  radios.  Tha  Institute  has  also  colleoted  a  substantial  amount  of  propagation  data 
useful  to  validate  the  LOS  ahannel  model.  The  statistical  distributions  or  the  paiameters  of  a  channel 
model  are  needed  as  part  of  the  prooess  of  predicting  digital  radio  performance.  The  propagation  data 
oolleotlon  and  analysis  tasks  were  conducted  in  parallel  with  the  development  of  the  channel  simulator 
hardware  and  the  simulator  control  software.  The  simulator  hardware,  as  will  be  explained,  has  the 
capability  to  incorporate  either  the  Rummler  pseudo-three-path  model  or  the  general  two-path  model.  As 
a  result  of  tha  propagation  data  analysis  effort,  we  believe  that  the  most  accurate  model  is  the  general 
three-path  model.  A  simple  modification  of  the  simulator  hardware  will  permit  the  inclusion  of  a  seoond 
multipath  signal.  The  propagation  data  acquisition  and  analysis  systems  provide  a  direot  measurement  or 
the  multipath  delays  and  amplitudes  for  both  the  first  and  second  multipath  rays.  These  data  are 
required  for  the  statistical  distributions  needed  for  estimating  outage  probability.  The  probabilities 
of  occurrence  of  first  and  second  multipath  rays,  mlnimum/nonmlnimum  phase  probabilities,  and  channel 
dynamics  are  among  the  data  that  can  be  gleaned  from  the  propagation  data  obtained  from  the  ITS  channel 
probe.  This  will  be  explained  in  more  detail  in  a  later  section.  First  we  will  discuss  the  ITS  channel 
simulator  aa  it  is  presently  Implemented. 

Using  the  notation  of  Matauura  [39],  the  model  is  expressed  ast 

H(w)  -  a[1  ♦  b  exptitwT  ♦  ♦))].  (6) 

In  equation  (i),  a  represents  flat  fading,  b  represents  the  amplitude  of  the  indirect  path  relative  to 
thr  direct  path,  t  represents  the  relative  delay  between  the  two  paths,  u  represents  the  oarrier 
frequency  in  the  band  of  interest,  and  a  is  an  arbitrary  phase.  Although  (6)  is  similar  in  form  to 
Rumoler's  equation  aa  given  in  (5),  the  parameters  can  be  interpreted  differently.  Unlike  Rummler,  we 
do  not  reatrlot  t  to  a  fixed  value  of  6.3  ns.  As  will  be  demonstrated,  error  performance  of  a  digital 
radio  Is  affected  by  changes  In  t. 

Because  we  have  Implemented  the  simulator  at  rf  rather  than  at  the  fixed  IF  of  70  MHz,  it  waa 
necessary  to  include  the  phase  term  9.  The  1  ns  granularity  Tor  t  does  not  provide  the  flexibility  to 
place  notches  anywhere  within  the  rf  pasaband  of  the  radio.  The  9  parameter  provides  the  needed  vernier 
oontrol  of  the  location  of  the  notoh  in  the  spectrum  caused  by  frequency  selective  fading.  In  effect, 
1(ut  ♦  9)  exponent  in  (6)  may  be  viewed  as  1u(t  ♦  At). 

We  define  the  following  quantities: 

A  -  20  logio<»)> 

B'  -  20  logiofb),  and 

B  -  20  log,0|l-b|. 

These  quantities  will  be  used  in  our  description  of  the  ITS  simulator  and  in  the  discussion  of  digital 
radio  test  results  obtained  with  the  simulator. 

Description  of  Simulator 

At  the  start  of  this  project  there  were  several  objectives  for  the  simulator:  (1)  the  channel 
simulator  must  be  Implemented  at  rft  (2)  the  control  of  the  simulator  must  be  automated:  (3)  the 
simulator  should  permit  variation  in  the  delay  parameter,  ti  (4)  the  simulator  must  have  dual  ohannels 
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for  testing  duel  diversity  radio* i  and  (S)  the  alaulator  should  be  aada  dynaalo  If  posaibla.  A  dynamic 
staulator  la  ona  in  Mhloh  tha  alaulator  pai  aaatara  can  ha  ohanged  on  a  continuous  basis  as  opposed  to  a 
statlo  alaulator  In  Mhloh  tha  par aaatara  are  ohanfad  In  dlaorete  steps.  Tha  first  four  objectives  wars 
totally  aat.  Tha  state-of-the-art  aloroware  ooaponant  taohnolofy  did  not  permit  aaatln*  both  tha  first 
and  tha  last  objectives  aiaultaneoualy.  Because  of  tha  importance  plaoad  on  testlnt  a  oosplete  radio, 
including  all  Its  rf  ooaponant  a,  we  ohosa  an  laplaaentatlon  at  rf  even  though  this  daoialon  aada  it 
iaposeible,  at  that  tlae,  to  seat  tha  dynaalo  objeotlre.  However,  new,  isprovad  phase  ahlftara  have  now 
beooas  available.  They  will  permit  this  last  objective  to  be  sat.  Consequently,  a  modification  to  tha 
existing  simulator  la  planned. 

Host  of  tha  LOS  microwave  channel  simulators  that  hays  bean  developed  are  Intermediate  frequanoy 
(IF)  Implementations  of  Ruaaler's  modal.  However,  soma  have  bean  Implemented  at  rf  [A0-A2].  Tha 
simulators  reported  In  CAO,  A3]  are  dynamic  simulators  Implemented  at  rf  that  have  a  fixed  value  of 
r  •  6.3  ns. 

Figure  1  Is  a  functional  block  diagram  of  the  ITS  simulator.  The  relative  delay,  r,  between  the 
dlreot  and  Indirect  paths  Is  provided  by  switching  In  various  lengths  of  aaal-rlgld  coax  lines  In  the 
swltohed  delay  seotlona.  Five  different  lengths  of  oable  can  be  switched  into  the  circuit,  either 
Individually  or  In  any  combination.  Any  value  of  delay  from  0  to  31  ns  In  1-ns  increments  oan  be 
achieved.  Variation  of  t  oauses  ohenges  in  both  the  looation  and  shape  of  the  notoh  in  the  spectrum 
oreated  by  the  phasor  addition  of  the  dlreot  and  indirect  path  signals.  The  programable  phase  shifter, 
which  has  256  steps  of  about  1.A*  each,  la  used  to  wove  the  notoh  aorosa  the  spectrin.  Thus,  we  oan 
control  both  notch  shape  (through  the  parameter  t)  and  the  notoh  location  (through  a  combination  of 
t  and  S).  The  programable  attenuator  In  the  lndlreot  path  represents  the  parameter  b.  The  depth  of  the 
notoh  Is  controlled  through  this  parameter.  Both  nonmlnlmun  phase  and  minimum  phase  conditions  can  bo 
simulated  by  changing  the  sign  of  B*.  The  other  programable  attenuator  represents  the  parameter  a; 
l.e. ,  the  flat  fading  parameter.  The  manual  attenuator  at  the  input  to  the  simulator  reduces  the  signal 
level  of  the  transmitter  under  test  to  levels  that  are  compatible  with  the  reoelver  section  of  the  radio 
being  tested. 

One  concern  throughout  this  project  has  been  to  design  the  system  such  that  changes  In  relative 
delay  between  the  multlpaths  would  not  change  the  relative  signal  level  between  the  multipaths  and  vice 
versa.  That  la,  relative  phase  and  relative  amplitude  of  the  paths  must  be  independently  controlled. 
Care  was  taken  In  the  design  and  implementation  of  the  system  to  ensure  that  this  was  accomplished.  For 
this  reason,  a  signal  levaler  is  needed  in  the  lndlreot  path  so  that  the  signal  level  does  not  change 
when  additional  delay  la  placed  In  the  Indirect  path  by  switching  in  the  additional  delay  sections. 

The  purpose  of  the  attenuator  and  line  stretoher  In  the  direct  path  Is  to  make  the  delay  and  the 
attenuation  of  the  Indirect  and  dlreot  paths  equal  when  there  is  xero  relative  delay  In  the  lndlreot 
path. 


All  of  the  parameters  shown  in  Figure  1  (a,  b,  A,  and  x)  oan  be  controlled  by  a  computer  through 
an  IEEE  interface.  The  computer  is  also  used  to  collect  error  information  used  In  the  generation  of 
"■-curves."  The  simulator  can  be  used  at  any  frequenoy  in  the  A-12  GHz  band. 

Figure  2  Is  a  picture  of  the  simulator  hardware.  It  occupies  13. 3  cm  (5.23  In)  of  vertical  spaoe 
In  a  standard  A8.3-om  (19-in)  rack. 

Test  Results 

The  ahannel  simulator  has  been  used  to  evaluate  the  performance  of  the  DRAMA  (Digital  Radio  and 
Multiplexer  Acquisition)  radio.  This  radio  has  been  Installed  In  portions  of  the  Derense  Communications 
System  (DCS)T  The  DRAMA  radio  la  used  in  the  U.S. -owned  and  operated  Digital  European  Backbone  (DEB) 
transmission  network,  which  interfaces  with  NATO  networks.  Thomas  et  al.  [AA]  describe  the  DRAMA  radio 
in  some  detail. 

The  version  of  the  radio  tested  combines  two  mission  bit  streams,  each  at  12.928  Mb/s,  and 
utilizes  quadrature  partial  response  modulation.  The  radio  does  not  have  an  adaptive  equalizer,  out  it 
does  have  both  spaae  and  frequency  dual  diversity  versions. 

Figure  3  depicts  one  of  the  test  configurations.  As  seen  in  the  rigure,  a  test  data  stream  is 
Input  Into  the  transmit  side  of  one  DRAMA  radio  and  detected  at  the  output  of  the  receive  side  of  a 
second  DRAMA  radio.  The  ITS  channel  simulator  was  utilized  to  emulate  distortion  in  the  two  simulated 
diversity  ohannels.  The  simulator  operates  at  rr  frequencies;  therefore,  the  entire  DRAMA  radio  is 
tested  In  a  realistic  manner. 

Two  channel  simulators  are  required  f or  space  diversity  testing.  As  can  be  seen  In  Figure  3,  the 

outputs  of  the  two  simulators  are  inputs  to  the  rr  sections  of  both  the  A  and  B  sides  of  the  DRAMA 

radio.  After  down  conversion  in  the  radio,  the  signal  is  demodulated  and  demultiplexed. 

Figure  A  la  a  plot  of  the  input  signal  to  the  DRAMA  radio  as  seen  on  a  spectrum  analyzer.  During 
this  test,  only  one  simulator  and  only  one  side  of  the  DRAMA  radio  wee  active;  therefore,  the  simulated 
link  can  be  considered  to  be  "unprotected"  in  the  sense  that  the  space  diversity  capability  of  the  radio 
was  not  utilized.  The  ITS  automated  channel  simulator  was  set  up  with  the  combination  of  parameters  as 

indicated  in  the  figure.  For  every  given  set  of  simulator  parameters,  a  trace  was  stored  in  the 

spectrum  analyser  before  the  parameters  were  ohangsd.  The  three  traces  thus  represent  three  different 
combinations  of  parameter  settings,  or  Interest  in  the  figure  is  the  radio  performance  for  each  of  the 
three  settings  of  parameter  conditions.  The  dlfferenoe  between  the  top  and  the  bottom  traaes  Is  10  dB 
of  attenuation.  This  represents  an  additional  10  dB  of  flat  fading.  For  the  top  traoe  and  the  bottom 
traoe,  no  errors  ooourred  in  the  DRAMA  radio.  However,  in  the  middle  traoe,  additional  distortion  was 
put  into  tha  ahannel.  One  oan  see  a  very  slight  amount  of  flattening  of  tha  spectrum.  This  snail 
amount  of  additional  distortion  was  sufficient  to  aause  the  bit  error  ratio  (BER)  of  the  radio  to 
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increase  to  1  i  10-“.  In  th«  figure  on*  o»n  oltarly  see  th«t  th*  radio  la  sensitive  to  very  aaall 
Mount*  of  signal  dlatortlon.  This  dMonatrat**  th*  f*ot  that  significant  errors  oan  ooour  at  r*o*lv*d 
signal  l»v»Ia  (ral)  wall  above  th*  flat  fad*  threshold  of  th*  radio.  Th*  r*f»r*no*  l*v*l  (RL)  la  glv*n 
at  th*  top  of  th*  figure. 

Figure  5  further  Illustrate*  th*  sensitivity  of  th*  radio  to  amplitude  distortion.  A  aaall 
Mount  of  distortion  Mas  placed  Into  the  channel  for  th*  top  two  traces.  Th*  aaount  of  distortion  oan 
b*  olao*rn*d  subjectively  by  observing  th*  asymmetry  about  th*  c*nt*r  frequency.  Not*  that  a  snail 
phase  Chang*  onuses  th*  BSR  to  drop  off  rapidly  as  u**n  in  th*  top  two  traces.  In  this.  *xaaple  a  phase 
change  of  only  15. N*  causes  a  oha.ig*  o f  thr**  orders  of  sagnltud*  In  th*  BER.  Th*  bottan  tree*  is  an 
•XMpl*  of  flat  radlng  in  uhloh  th*  signal  level  Is  near  th*  flat  fad*  nargln  (-?*•  dBn),  which  causes 
errors  to  occur.  Not*  th*  symtry  of  the  signal  for  th*  bottan  (flat  fad*)  axanpla. 

Figures  6a  And  6b  ar*  statlo  s-ourv*a  for  th*  unprotected  (1.*.,  no  *qualla*r  and  no  diversity) 
DRAMA  radio.  Th*  radio  tested  was  th*  26  Mb/s  version  with  a  quadrature  partial  response  *od*n  (QPR). 
Th*  ourv*s  in  Flgur*  6b  ar*  for  th*  nonalnlnun  fading  case,  vhloh  results  fron  positive  values  of  th* 
B'  parasetar.  This  oausss  th*  lndlreot-path  signal  to  u*  stronger  than  th*  direct-path  signal.  This 
situation  oan  ooour  about  50  percent  of  the  tin*  for  deep  fades  [6,  332.  The  figures  Illustrate  the 
effaot  of  ohanges  In  t  on  digital  radio  performance.  Many  authors  [2,  13.  15,  29,  37,  39,  95-50]  have 
used  n-ourv*8  as  a  measure  of  radio  performance.  The  m-curves  were  first  used  by  Emshwiller  (50].  They 
ar*  not,  however,  dlreotly  applicable  to  th*  evaluation  of  lual-dl varsity  raalos. 

Figures  9  and  5  have  Illustrated  th*  sensitivity  of  the  DRAMA  radio  to  frequency-selective  fading 
If  there  Is  no  diversity.  H*  shall  now  examine  the  radio's  performance  for  a  space-diversity 
configuration. 

Figures  7  and  8  were  obtained  using  both  channel  simulators  as  illustrated  In  Figure  3.  First,  in 
Figure  7  the  DRAMA  radio  switching  algorithm  performs  properly  for  the  condition  of  flat  fading  In  both 
channels.  As  can  be  seen  In  the  figure,  the  upper  trace  (input  to  the  A  side  of  the  radio)  Is  well 
abov*  the  flat  fading  nargln  for  the  radio  and  no  errors  ocour.  In  the  lower  trace,  where  the  signal  is 
near  the  flat  fade  threshold,  the  simulated  flat  fading  Is  sufficient  to  cause  errors)  the  BER  is  of  the 
order  of  10-3.  The  spaoe-dl varsity  switching  algorithm  In  the  radio  properly  selected  the  A  side  of  the 
radio. 


Figure  8  Illustrates  the  effects  of  selective  fading  in  on*  channel  (B)  and  flat  fading  In  the 
second  channel  (A).  In  the  upper  trace,  we  had  distorted  the  signal  using  the  ITS  automated  channel 
simulator.  The  signal  deploted  by  the  „pp«r  traoe  was  input  to  the  B  side  of  the  radio  and  resulted  In 
a  BER  of  1.6  x  10*5.  The  signal  shown  as  the  lower  trace  was  Input  to  the  A  side  of  the  DRAMA  radio 
and  resulted  In  no  errors.  However,  the  spao*- diversity  switching  algorithm  erroneously  selected  the 
B  side  or  the  radio,  even  though  errors  were  occurring  in  that  side  of  tne  radio  but  not  In  the  A  side. 
Th*  raason  for  this  Is  that  the  switching  algorithm  Is  based  primarily  on  the  roceived  signal  level. 
Obviously,  there  are  conditions  where  the  stronger  signal  does  not  represent  the  best  signal.  That  is, 
distortion  of  the  signal  aan  cause  high  error  rates  even  at  relatively  high  signal  levels.  Conversely, 
low  error  rates  oan  be  associated  with  low  signal  levels  If  there  Is  no  distortion  of  the  signal.  Many 
other  authors  have  noted  this  characteristic  of  digital  radio  performance  (see,  for  example,  [2]). 

The  diversity-switching  algorithm  In  th*  pr«sent  DRAMA  radio  needs  rurther  explanation.  At  low 
error  ratios  (approximately  1  x  10"“),  the  radio  will  switch  to  the  side  having  the  highest  rsl.  At 
error  ratios  greater  than  1  x  10"“,  th*  excess-bi t-o-ror  light  on  the  front  panel  of  the  radio  Is 
Illuminated  and  the  radio  will  then  switch  to  the  other  side.  Thus,  the  switching  algorithm  may  be 
appropriate  for  error  ratios  greater  than  1  x  10-“.  It  dearly  does  not  always  work  properly  for  error 
ratios  less  than  l  x  10**  as  was  demonstrated  in  Figure  8. 

The  figures  described  above  serve  to  illustrate  the  following  points:  1)  the  simulator  is  a 
useful  device  for  simulating  frequency-selective  fading,  and  2)  unprotected  digital  radios  are 
extremely  sensitive  to  small  distortions  In  the  reoelved  signal.  Link  test  data  are  needed  to  verify 
DRAMA  radio  performance  In  a  frequency-selective  fading  ohannel.  The  data  presented  In  these  figures 
verify  the  contention  of  Barnett  C51]  that  small  amounts  of  signal  distortion  oan  cause  unacceptable 
performance  for  an  unprotected  digital  radio.  Barnett  found  that  distortion  as  little  as  0.2  dB/MHz  can 
cause  unacceptable  performance  In  a  digital  radio. 


9.  LOS  CHANNEL  PROPAGATION  DATA  ANALYSIS 

The  Institute  has  collected  llne-of-slght  and  troposcatter  propagation  data  for  many  years  using 
an  Instrument  oalled  a  ohannel  probe  (39,  52,  533 •  The  channel  probe  is  an  Instrument  that  neasures 
delay  spread  In  the  Impulse  response  function  of  the  channel.  (See  (59]  for  s  description  of  the 
channel  probe . ) 

Kolton  (33]  has  developed  a  set  of  computer  programs  useful  for  the  analysis  of  this  data.  The 
Information  deduced  from  the  channel  probe  measurement  deta  by  Holton's  software  Is  very  useful  for  the 
development  of  statistical  distributions  for  LOS  ohannel  models.  Seme  of  the  outputs  of  this  software, 
referred  to  as  th*  Multipath  Analysis  Software  Packag*  or  HASP,  are  listed  In  Table  2. 

A  few  example  outputs  ape  provided  In  Figure  9.  These  data  are  the  result  of  channel  probe 
measurements  made  on  a  105-km  over-water  path  rron  Point  Mugu  to  San  Nicolas  Island  In  southern 
California.  That  oosstal  region  Is  notorious  for  temperature  Inversions,  especially  during  the  summer 
time.  Th*  data  summarize  152, 97S  seconds  of  measurements  mad*  In  March  1989  and  97,927  seoonds  of 
m«asurem*nts  mad*  In  August  of  that  same  year.  Measurements  were  not  made  for  contiguous  time 
Intervals.  Of  the  152,979  seconds  In  March,  28  percent  contained  multipath)  96  percent  of  the  August 


data  oontalnad  multipath.  The  ohannel  prop*  ha*  two  chan pels,  on*  far  **oh  of  the  space  dl vanity 
Antennae.  Propagation  data  war*  recorded  only  whan  fading  oauaad  arrora  on  a  digital  radio  undar  taat 
at  tha  tlaa. 

Of  the  total  tlaa  raoordad.  tha  pro  da  ehannal  associated  with  tha  upper  antanna  oontalnad 
aultiputh  76  par  cant  of  tha  tlaa.  Tha  prod*  ohannal  aaaoolatad  with  tha  lowar  antanna  oontalnad 
aultlpath  6?  paroant  of  tha  tlao.  Misalignment  of  tha  lowar  antanna  aay  hav*  oauaad  tha  aayaaatry.  Of 
lntaraat  1*  tha  faot  that  aultlpath  ocourrad  simultaneously  In  both  ohannala  aor*  than  half  tha  tlaa. 
Thla  faot  haa  an  iapaet  on  tha  typa  of  coablnar  bulng  used.  Qraanflald  [8]  found  that  a  bit  oomblner 
provldad  two  to  thra*  vlmas  graatar  dlvaralty  laprovaaant  than  an  IF  ooablnar  on  a  long  path  that  had  a 
largt  mount  of  alaultanaoua  aultlpath  nn  tha  two  apaoa  dlvaralty  path*.  Thirty-five  paroant  of  the 
aultlpath  fading  waa  of  tha  nonainlaua  phaa*  type. 

Jka  noted  earlier  [36],  a  thaoratloal  examination  of  aultlpath  fading  laaus  to  the  oonoluaion  that 
the  total  nuabar  of  ataoaphario  path*  (Including  tha  direct  path)  auat  alwaya  b*  an  odd  niabtr.  Much  of 
tha  tlaa,  however ,  the  aaoond  aultlpath  ooaponent  la  too  weak  to  be  observer.  Table  3  provides 
statistics,  obtained  froa  HASP,  on  tha  ooeurranoe  of  thraa-path  propagation  (l.e.  two  aultlpath 
ooaponents  and  a  direct  path).  Of  tha  data  analyzed,  12.6  paroant  of  the  tlaa  In  whloh  aultlpath 
ooourred,  the  saoond  aultlpath  eoaponont  oould  be  Identified. 

The  data  presented  In  Flgur*  9  and  Table  3  era  too  Halted  to  b*  used  as  the  basis  of  any  flra 
conclusions  about  aultlpath  fading  statistics.  The  figure  and  table  are  presented  prlaarlly  to 
daaonstrate  a  capability  existing  at  ITS.  The  inforaatlon  that  oan  be  obtained  froa  the  Hultlpath 
Analysis  Software  Package  Is  vitally  Important  for  the  foraulatlon  and  validation  or  several  channel 
aodel  statistical  distributions.  Of  particular  Importance  ar* 

•distributions  of  aultlpath  delay 
•distributions  of  aultlpath  power 
•alnlaua  phase/nonainlaum  phase  statistics 
•two-path  vs  three-path  statistics 
•spaas  diversity  statistics 
•dynaalos. 

These  data  are  needed  In  the  continuing  effort  to  develop  and  validate  a  realistic  fading  model  on  a  LCS 
alorowave  channel. 


S.  issues  n  LOS  MOtOKAVK  HKASUHUflOTTS,  HODBLUG.  AID  SMULATIOa 

As  stated  earlier,  the  ultlaate  research  objective  of  ohannel  modeling  and  slaulatlon  is  the 
developaent  or  techniques  for  reliably  predicting  the  performance  of  any  specified  radio  on  any 
specified  link.  The  outage  prediction  oust  consider  dynamics  or  the  propagation  nedlum,  as  well  as 
hysteresis  in  the  parroraance  of  space  divert  lb,  combiners  and  adaptive  equalizers,  mlnlmum/nonalnlmum 
phase  fades,  etc.  Craensteln  and  Shaft  [15]  state  that  each  of  the  published  outage  prediction  methods 
satisfies  soma  of  tha  requirements,  but  that  none  satisfy  rll  of  them. 

Table  k  provides  a  list  of  soma  of  the  unresolved  Issues  that  must  be  addressed  to  aohleve 
accurate  outage  prediction.  Although  computer  aodels  and  Honte  Carlo  simulations  cun  be  useful  tools  In 
bounding  the  performance  estimation  problem,  the  need  bo  Include  dynaalos  and  Imperfections  In  the 
iaplemantatlon  of  digital  radio  hardware  require  that  hardware  ohannel  simulators  be  used  In  the  digital 
radio  performance  evaluation  process.  Tha  requirements  of  the  channel  simulator  Include 

•Implementation  of  a  channel  aodel  that  realistically  repr ssents  the 
actual  LOS  microwave  fading  ohannel 
•computer  oontrol  of  the  simulator 
•Implementation  at  rf 

•dual  ohannel  for  testing  diversity  radios 
•slaulatlon  of  both  minimum  and  nonmlnlmua  phase  fading 
•three-ray  fading  slaulatlon 
•dynamic  variation  of  simulator  parameters. 

The  current  ITS  simulator  possesses  all  of  the  above  features  except  the  last  two.  The  last 
two  features  will  be  added  later,  based  on  data  to  be  obtained  froa  a  ohannel  propagation  measurement 
project  soon  to  be  undertaken. 

The  requirement  for  siculatlon  of  the  dynacilos  of  the  ohannel  is  a  particularly  important  one. 
Hubbard  [52]  flret  reoognlzed  the  importance  of  dynamic  ohannel  variations  on  radio  system  performance. 
Static  m-aurvas  hav*  been  widely  used  for  digital  -  xdi  o  performance  characterization.  Their  usefulness 
Is  unquestionable.  However,  there  Is  recent  Interest  In  the  lmpaot  of  dynamic  channel  variations  on 
digital  radio  performance.  Riamler  et  al.  [2k]  note  that  the  use  of  static  channel  models  and 
simulators  is  based  on  the  assumptions  that  1 )  the  channel  response  Is  much  slower  than  the  response  of 
tha  radio  equipment  being  tested,  and  2)  that  there  la  no  hysteresis  In  the  radio  performance.  Leolert 
and  Vandamme  [k],  however,  question  the  classical  assumption  that  the  ohannel  Is  slowly  time  varying  In 
comparison  with  the  symbol  rate.  Rumolsr  et  al.  [2k]  note  that  dynamic  considerations  beoome  more 
Important  as  more  complex  modems  and  adaptive  equalizers  are  used  in  digital  radios. 

,  Table  5  lists  scale  of  the  cynamle  multipath  characteristics  given  in  the  reoent  literature. 
Clearly,  more  statistical  data  are  needed  to  adequately  desorlbe  a  dynamic  fading  model.  Data  on 
ohannel  dynamics  and  other  ohannel  statistical  data  to  be  collected  In  an  upcoming  measurement  program 
at  ITS  are  described  In  the  next  seotlon. 
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Tad  tint  spaoe-di varsity  radios  with  a  channel  ataulator  and  predlotlnf  space-diversity  outage 
parforaanoe  are  also  laportant  problems  that  need  further  work.  All  digital  radios  installed  on  links 
subjected  to  bad  propagation  conditions  have  required  diversity  to  seat  performance  objeotives  [A]. 
Nondlvereity  a-ourve  measurements  ooupled  with  analytical  techniques  can  be  used  to  prediot  performance 
of  space-diversity  systaas.  A  better  approach  aay  be  to  test  ths  diversity  radio  performance  using  a 
dual-channel  simulator.  The  general  treatment  of  diversity  In  estimating  digital  radio  outage  needs 
further  research  [15]. 


6.  application  or  ruront  samel  propagation  kasuumcts  to  unrxsolvb  issues 

The  Institute  is  currently  undertaking  two  LOS  microwave  measurement  programs  that  will  result  In 
a  vast  aaount  of  data  applicable  to  the  unresolved  modeling  questions  delineated  In  the  previous 
seotlon.  Neither  of  these  projeots  have  as  their  primary  purpose  LOS  alorowave  propagation  research. 
The  primary  purpose  Is  performance  assessment  of  the  digital  radios  and  other  equipment  that  are  part  of 
the  Digital  European  Baokbone.  However,  channel  propagation  data  are  being  collected  In  support  of  the 
primary  oh] motive. 

The  first  program  (of  three  months  duration)  consists  of  measurements  on  a  long  LOS  microwave  link 
that  orosses  the  English  Channel.  The  terminals  of  this  88-km  link  are  Dover,  United  Kingdom,  end 
Houtem,  Belgium.  Both  channel  probe  data  and  spectral  distortion  data  are  being  collected. 

The  second  program  consists  of  end-to-end  measurements  on  one  segment  of  the  DEB  as  depleted  in 
Figure  10.  Very  detailed  measurements  will  be  made  on  the  long  (102-ka)  LOS  link  from  Sohwerzenborn  to 
Feldberg,  Germany.  Data  will  be  recorded  for  a  period  of  12  months.  Both  ohannel  probe  data  and 
spectral  distortion  data  will  be  collected  on  this  link.  The  channel  probe  impulse  response  data  will 
be  collected  every  seoond  if  there  Is  multipath  on  the  link.  Measurement  of  the  channel  Impulse 
function  once  per  second  Is  sufficient  for  observing  the  dynamically  changing  channel.  The  probe  has  a 
bandwidth  of  300  Mis. 

Spectral  distortion  measurements  will  bo  made  with  two  spectrum  analyzers  that  will  measure  the  IF 
speotrum  or  the  two  digital  space  diversity  receivers  used  on  the  Schwarzenborn-Feldberg  link.  This 
will  permit  collection  of  data  similar  to  the  Inband  power  difference  (I3PD)  measurements  reported  by 
Greeifleld  [8]  and  other  researohers. 

The  data  that  will  be  collected  will  be  useful  fori 

.validation  of  two-ray,  general  three-ray,  and  simplified  three-ray  models 
•determination  of  parameter  statistics  for  the  above  channel  models  (these 
will  be  Joint  probability  statistics  for  a  space  diversity  digital  radio) 

•quantification  of  ohannel  dynamics  using  the  HASP  software 
•probability  of  occurrence  of  three-path  multipath 
•minimum  phase/nonmlnlmum  phase  statistics 
•validation  of  various  outage  prediction  techniques 
•empirical  determination  of  space  diversity  Improvement  rector 
•measurement  of  IBPD  and  determination  of  IBPD  statistics 
•measurement  of  multipath  delay  (t)  and  Its  maximum  value. 


T.  CONCLUSIONS 

Substantial  progress  has  been  made  during  the  past  deoade  In  modeling  and  simulation  of  LOS 
microwave  channels  and  in  the  prediction  of  digital  radio  performance  on  fading  channels.  A  number  of 
issues  remain,  however.  The  Institute  has  developed  a  ohannel  simulator,  as  well  as  channel  propagation 
measurement  and  analysis  techniques,  that  should  be  useful  In  addressing  these  Issues.  Data  to  be 
collected  In  the  near  future  should  add  greatly  to  the  body  of  knowledge  on  multipath  fading  and  digital 
radio  performance. 
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Flgura  2.  Simulator  hardware 


Figure  3.  DRAMA  radio  test  configuration, 


Figure  A.  Simulator  output  (DRAMA  radio  input  Figure  5,  Simulator  output  (DRAMA  radio  input  signal) 
signal)  and  corresponding  radio  low  error  rata  for  ths  top  and  bottom 

performance.  Mote  the  susceptibility  traces;  high  error  rate  for  the  middle 

of  the  DRAMA  radio  to  small  increases  trace  due  to  signal  distortion. 
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Figure  10.  Frankfurt  Phase  I  segment  of  DEB. 


Table  1.  Summary  of  Various  Forms  of  Channel  Function. 


Kodel  Type 

Equation 

Reference 

Otn.r.1  K-path 

H<8)  -  .|-.«p(iai)  ♦  P2-.ip(18j) 

.....  ....xpuep) 

Slapl if led  j-path 

H(«)  -  .[1  -  b-«p(-J(.  -  ,*,),)] 

Rummler  [16] 

3-path 

F(f)  •  a[l  -  b*exp(j4)*exp(-J«T)] 

Wong  and 
Greenateln  [29] 

|  Equivalent  2-path 

H!f)  -  .1.)  .  k..*p(-j2.fT>..»p(-je)] 

Greenatcln  and 
Pr.bhu  C323 

j  2-p«th 

H(f )  -  1  -  b*ewpi-J2«(f  -fo>T> 

Heyera  [31] 

Polynomial  model 

HU)  -  «o  *  I  <»„  » 

Qreenstein  and 
CsekaJ  [28] 

Table  2.  Multipath  Analysis  Software  Package  Outputs. 


•emulative  distribution  of  Multipath  power  relative  to  direct  path  paier. 

•Cumulative  distribution  of  multipath  rtei'y  relative  to  direct  path. 

-Soattergrim  of  suit* path  delay  va  aultlpath  power. 

•Cuaulatlve  dlatrlbution  of  Multipath  phaae. 

• Nonmini mal  fading  atatiatics. 

-Fraquenoy  of  ooourranre  of  nonmlnlmum  phase  fading. 

-Duration  on  nonm.nl  miM  nhaae  fading. 

-Cumulative  distribution  rf  aultlpath  power  relative  to  direct  path. 
-Cuaulatlve  distribution  of  aultlpath  delay  relative  to  dlreot  path. 

•Statistics  rf  aultlpath  fading  dynaalca. 

-Cuaulatlve  distributions  of  rate  of  ohanga  of  aultlpath  power  (dfl/a). 
-Cuaulatlve  dlatributlone  of  rate  or  ohange  of  aultlpath  delay  (na/a). 
-Cuaulatlve  distributions  of  rate  of  ohange  of  rultipath  phase  (rud#-' 
-Durations  of  ooll  pse  and  developaant  of  aultl;i^h. 

•Two-path  va  thraa-path  fading  statistics. 


DISCUSSION 


L.  Boithias,  FR 

I  agree  chat  modeling  and  slmulacion  are  very  useful  for  comparison 
of  digital  radio  performance,  but  I  am  not  sure  they  may  be  useful 
for  accurate  outage  predictions. 

a)  All  the  models  include  several  parameters,  the  values  of  which 
have  to  be  determined  for  the  path  under  consideration  —  how  are 
these  values  determined? 

b)  It  is  not  certain  that  all  the  actual  situations  are  represented 
by  the  model. 

c)  Diversity  reception  and/or  equalization  are  practically  necessary 
in  any  case  to  meet  the  quality  requirements.  However  their  effects 
are  generally  not  taken  into  account  by  the  models.  Moreover,  for 
prediction  purposes,  it  would  be  perhaps  more  efficient  to  use  the 
concept  of  net  margin. 

Author's  Reply 

Many  authors  have  used  channel  simulators  to  develop  "m-curves"  for  a 
particular  radio.  These  m-curves  have  then  been  used  in  the 
prediction  of  outages  (see  references  [2]  and  [18]  for  example).  I 
agree  that  the  prediction  of  outage  on  a  specific  transmission  path 
is  a  very  difficult  task.  This  can  be  accomplished  only  if  channel 
models  used  in  the  outage  prediction  process  accurately  model 
multipath  fading.  The  statistics  of  the  model  parameters  are 
dependent  both  on  path  length  and  on  climatic  conditions  which  are 
unique  to  a  specific  path.  One  cannot  realistically  expect  to  have 
statistics  of  the  channel  model  parameters  for  every  path  on  which  a 
digital  radio  is  to  be  installed.  However,  it  is  possible  to  obtain 
multipath  parameter  values  as  a  function  of  path  length  and 
climatological  statistics  which,  together  with  m-curves,  could  be 
useful  in  placing  a  general  bound  on  the  outage  prediction  for  a 
specific  communications  link. 

a)  We  agree  that  statistical  distributions  are  needed  for  each  of 
the  model  parameters.  Some  Information  is  available  (see  for 
example,  Rummler  [16]).  The  Institute  for  Telecommuncation  Sciences 
expects  to  extend  this  data  base  in  a  12-month  measurement  program 
discussed  in  the  paper.  Specifically,  we  will  develop  statistics  on 
the  multipath  delay  (t  in  our  model),  relative  signal  strength  of  the 
multipath  ray  (b  in  our  model),  and  the  flat  fading  parameter  (a  in 
our  model).  In  addition,  we  will  collect  data  on  the  occurrence  of  a 
third  path,  rate  of  change  of  fading  and  path  delay,  i.e.,  fading 
dynamics,  joint  statistical  distributions  for  the  space  diversity 
antenna  received  signals,  and  the  probability  of  the  occurrence  of 
nonminimum  phase  fading. 

b)  We  agree  that  models  currently  being  used  do  not  accurately  model 
fading  on  line-of-slght  microwave  links.  For  this  reason,  we  list 
several  unresolved  questions  which  can  be  answered  only  through 
additional  research.  It  is  hoped  that  the  measurement  program 
mentioned  in  the  paper  and  referred  to  in  (a)  above  will  provide 
useful  data  in  improving  this  model.  We  hawe  already  concluded  that 
the  model  should  be  extended  to  a  3-ray  model  having  a  second 
multipath  component  and  that  the  simulator  should  be  made  dynamic. 

c)  We  agree  that  a  model  and  the  implementation  of  that  model  in  a 
simulator  must  be  capable  of  the  evaluation  of  both  adaptive 
equalization  circuitry  and  diversity  systems.  Our  current  simulator 
has  some  of  this  capability.  However,  we  need  additional  data  on  the 


joint  probability  statistic*  for  the  accurate  simulation  of  space 
diversity  reception.  These  data  will  be  obtained  from  the  12-month 
measurement  program  described  in  the  paper. 

The  concept  of  net  fade  margin  has  been  addressed  by  many  authors  in 
the  field  of  performance  predictions.  This  approach  has  the 
disadvantage  that  it  requires  measurements  be  made  on  a  wide  range  of 
paths  for  various  radio  types. 
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SUMMARY 


A  new  claaa  of  ionoapharlc  i regularities  in  the  auroral  oval  aasociated  with, 
large  atructured  plasma  flows  has  been  racently  Isolated  with  radar  and  satellite 
in-aitu  measurements .  These  density  irregularities  have  large  power  spectral  densities 
(pad)  at  short  scale  lengths  ('v  hundreds  to  tens  of  meters).  The  paper  character  izes 
the  density  and  velocity  spectra  in  such  regions  and  discusses  their  impact  on 
scintillation  observations  and  radar  performance.  The  atructured  plasma  flows  isiiy 
occur  in  association  with  large  (MO  pA  m~z)  or  amall  (M  pA  m  )  field  aligned 
currents.  The  velocity  spectra  have  fairly  shallow  power  spectral  indices  ('v-1.5)  in 
regions  of  large  field  aligned  currents  and  are  steep  (^-3)  in  regions  of  small  current 
flows.  The  density  spectra,  on  the  other  hand,  can  be  described  by  a  power  lav  index 
'v-2  in  both  the  large  and  amall  field  aligned  current  regions.  The  temporal  structure 
of  scintillations  will  thus  be  dictated  not  only  by  the  scattering  strength  but  also  by 
the  large  flow  velocities  encountered  in  the  auroral  oval.  The  density  structeies  with 
large  psd  at  short  scale  lengths  are  expected  to  introduce  considerable  lonospinric 
clutter  in  HF  radar  systems.  The  effect  of  E-region  conductivity  in  modifying 
small-scale  (<1  km)  F-reglon  structure  and  its  implication  for  communication  and  radar 
systems  is  discussed. 


INTRODUCTION 

In  recent  years  a  concerted  effort  has  been  made  to  study  high  latitude  F-region 
irregularities  and  their  relationship  to  bulk  plasma  processes.  Our  understanding 
improved  significantly  when  it  was  realized  that  km-scale  irregularity  structure  was 
associated  with  the  steep  edges  of  convecting  large  scale  plasma  density  enhircements 
both  in  the  polar  cap  and  auroral  oval  (see  Weber  et  al.,  1984;  1985;  Klobucnor  et  al., 
1986  and  references  therein).  Since  the  blobs  are  large  scale  features  on  the  order  of 
100  km,  they  have  long  lifetimes  and  can  be  tracked  by  incoherent  scatter  rndrrs  and 
have  been  found  to  be  convecting  with  the  ambient  plaBma  (Vickrey  et  al.,  1'80).  The 
generalized  ExB  instability  was  found  to  be  a  viable  mechanism  for  the  smal  .  scale 
structure  associated  with  the  blobs,  with  magnetic  field  aligned  currents,  lvutral 
winds,  plasma  drifts  and  the  large  scale  blob-associated  density  gradients  all 
contributing  to  the  structure  formation  (see  Keskinen  and  Osaakow,  1983  for  i  review  of 
the  Instability  processes).  If  radio  wave  propagation  techniques  are  used  as 
diagnostics  for  the  blob-related  irregularities,  then  one  would  see  scintillation 
structures  maximizing  on  the  edges  of  total  electron  content  (TEC)  enhancements 
(Basu  et  al.,  1983). 

More  recently,  another  class  of  F-region  irregularities  has  been  isolated  which  is 
associated  with  large  shears  in  the  background  convective  plasma  flows.  The  unique 
feature  of  this  class  of  irregularities  is  that  it  is  not  associated  with  organized 
large  scale  gradients  of  plasma  density  (such  as  to  be  found  at  the  edges  cf  blobs), 
but  rather  with  velocity  shears  with  shear  gradient  scale  lengths  of  1-10  km  (Basu 
et  al.,  1987a).  These  irregularities  are  also  found  to  have  large  power  spectral 
densities  (pad)  at  small  scales  (<1  km).  For  this  reason,  it  is  possible,  for 
instance,  to  find  Intense  scintillations  without  any  large  perturbations  in  TEC 
(Basu  et  al.,  1986). 

It  is  the  objt.t  of  this  paper  to  present  simultaneously  observed  density  and 
velocity  spectra  obtained  in  the  vicinity  of  large  sheered  plasma  flows.  Lotova  (1981) 
has  discussed  the  effects  of  velocity  turbulence  on  the  modeling  of  scintillations  from 
in-situ  density  structure.  We  shall  compute  UHF  scintillations  and  HF  brckscatter 
expected  from  such  density  spectral  forms  in  the  presence  of  considerable  velocity 
perturbations  and  discuss  the  effect  of  the  large  convective  flows  on  th*  temporal 
structure  of  scintillations  observed  on  the  ground.  For  comparison,  wo  shall  also 
compute  scintillations  using  observed  density  spectra  in  high  conductivity  regions.  It 
is  found  thot  in  such  regions,  for  example,  where  energetic  perticle  prucipitati,.:.  is 
observed  as  in  the  diffuse  aurora,  the  density  spectra  are  fairly  steep  with  little 
power  at  the  short  scales  (Basu  et  al.;  1984;  1987a).  The  reduced  power  at  such  scales 
(<100  m)  is  attributed  to  the  short  lifetimes  of  F-region  irregularities  in  the 
presence  of  underlying  E-region  conductivity  (Vickrey  and  Kelley,  1981;  Heelis  et  al., 
1985) . 

OBSERVED  DENSITY  AND  VELOCITY  SPECTRAL  FORMS 

The  DE-2  satellite  (Hoffman  and  Schmerling,  1981)  is  an  excellent  source  for 
obtaining  high  resolution  F-region  density  and  velocity  data  at  high  latitudes.  This 
data  base  has  recently  been  used  to  make  the  first  simultaneous  met sjrement s  of  density 
(4N/N)  and  electric  field  fluctuation  (AE)  spectra  in  the  high  latitude  environment 
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(Baau  at  al.,  1987a),  It  la  to  ba  noted  that  In  low  8  plasea  uuch  aa  in  the 
ionoapharic  F-region,  velocity  fluctuations  are.electroatatic  and  equivalent  to 
electric  field  fluctuations  (i.e,,  v  •  8  *  1/B*).  Thus,  spsctra  of  electric  field 
fluctuations  are  to  be  considered  equivalent  to  velocity  fluctuation  spectra. 

In  Flgurea  l(a,b)  and  2(a,b)  wa  reproduce  3  aanplee  of  8a  each  density  and 
electric  field  data  and  their  respective  spectra.  The  sysbola  S„,  S. ,  and  S,  on  the 
data  and  their  corresponding  spectra  represent  saaplee  taken  froB  a  uniformly  high 
conductivity  region  (S„),  a  region  with  sharp  conductivity  gradients  (Sr),  and  a  region 
of  low  conductivity  (Sj~).  At  the  time  the  DB-2  data  were  taken,  between  2149-2151  tJT 
on  Hay  26,  1982,  the  satellite  was  traversing  the  dawn  sector  of  the  auroral  oval  (0700 
■agnatic  local  tiae)  between  70-75°  invariant  latitude  in  the  southern  healaphere  at  an 
altitude  of  approximately  350  ka.  A  detailed  account  of  the  particle  precipitation 
character,  aasll  scale  field  aligned  turrent  intensities  and  ion  and  electron 
temperatures  assoclsted  with  these  saaples  is  given  in  Basu  at  si.  (1987a). 

If  we  confine  our  attention  to  the  density  and  electric  field  data  shown  in 
Figures  1(a)  and  2(a),  we  iaasdiately  notice  the  lack  of  high  frequency  structure  in 
the  high  conductivity  region.  This  is  particularly  noticeable  in  the  electric  field 
data.  On  the  other  hand,  the  conductivity  gradient  region  (S,,)  shows  a  very  large 
amount  of  structure  in  both  density  and  electric  field,  while^the  structure  in  the 
electric  field  is  soaewhat  reduced  in  the  low  conductivity  region  (S,).  It  is 
interesting  to  note  that  region  S_  ia  associated  with  l.arge  field-aligned  current 
intensities  cf  tens  of  pA  a  in  addition  to  the  large  velocity  shears,  whereas  S,  is 
associated  with  weaker  sheared  flows  and  aaaller  field-aligned  currents.  L 

Before  we  discuss  the  (AN/N)  and  AE  spectra,  it  is'  important  to  recognize  that  we 
had  to  make  the  assumption  that  measurements  of  spatial  structure  in  these  quantities 
made  on  the  satellite  are  Doppler  shifted  froa  zero. to  the  frequency  f  •  kV  /  2  tt  .  where 
V  is  the  satellite  velocity  (approximately  S  ka  a*1).  In  this  paper  whenever  we  refer 
to  wavenuaber  k  or  wavelength  1  •  2w/k,  it  ia  based  upon  this  hypothesis.  Fortunately, 
there  is  convincing  evidence  for  this  assumption  of  "zero-frequency  turbulence"  (see 
review  by  Kintner  and  Seyler.  1985  and  references  therein).  Thus  we  feel  that  our 
assumptions  concerning  the  spatial  nature  of  the  density  and  elec-trlc  field  variations 
are  probably  valid  under  most  circumstances  in  the  ULF  frequency  regime  (Suglura, 

1984),  except  possibly  when  propagating  waves  such  as  ion  cyclotron  waves  and  Alfven 
waves  are  encountered  over  limited  regions  (Teaerin,  1978;  Gurnett  et  al.,  1984), 

The  spectra  of  (AN/N)  and  AE  in  the  three  different  regimes  are  shown  in 
Figures  1(b)  and  2(b)  respectively.  Both  (AN/N)  and  AE  spectra  are  fairly  steep  in  the 
high  conductivity  region  (S„),  while  both  are  fairly  ahallow  in  the  conductivity 
gradient  region  (S„).  Moreover,  if  one  compares  the  power  spectral  density  (pad)  at 
10  Hz  (800  m)  of  the  two  density  spectra,  then  one  finds  approximately  15  dB  more  power 
in  the  S„  aample  than  in  S„,  In  the  AE  spectra  the  separation  in  psd  is  much  more 
dramatic'’with  the  S_  spectrum  showing  approximately  40  dB  more  power  at  5  Hz  (1.6  km). 
The  density  spectral  forma  and  pad  in  the  S,  and  S„  regimes  are  almost  identical  with 
power  law  slopes  of  n,-2.  However,  the  slopes  of  tlie  AE  spectra  in  the  S,  and  S- 
regimes  are  quite  different  with  the  S,  spectral  slope  being  -3  compared^to  the^S- 
slope  of  shallower  then  -2,  In  all  3  situations,  the  important  point  to  note  is  that 
the  electric  field  (i.e.,  velocity)  spectra  are  either  equal  In  slope  or  steeper  than* 
the  corresponding  density  spectra.  Thus  following  the  arguments  of  Lotova  (1981),  It 
ia  expected  that  we  should  be  able  to  model  scintillations  from  inrsitu  density 
measurements.  However,  the  large  background  velocities  (100  mV  a'1  is  aquivalent  to 
2  ka  s'  convection  velocities)  would  significantly  alter  the  temporal  structure  of 
scintillations. 


SCINTILLATION  ESTIMATES 

It  is  possible  to  estimate  scintillations  in  the  weak  scatter  formulation  (Rino, 
1979)  if  the  irregularity  amplitude,  density  spectral  forms,  background  densities  and 
irregularity  layer  thickness  are  known.  It  ia  the  object  of  this  paper  to  present 
several  estimates  of  scintillations  that  may  be  observed  under  solar  maximum  or  minimum 
conditions. 

We  use  the  density  spectra  observed  in  the  velocity  shear  regions  to  estimate  the 
scintillations  to  be  expected  with  different  levels  of  background  ionization.  We  note 
froa  the  top  two  panels  of  Figure  lb  that  the  psd  is  -18  dB  at  a  frequency  of  1  Hz. 
Using  the  satellite  velocity  of  8  km  s'1,  this  frequency  is  equivalent  to  a  scale 
length  of  8  km.  We  use  the  measured  pad  and  the  observed  one-dimensional  density 
spectral  slope  of  -2  to  compute  intensity  scintillations  at  413  MHz  which  is  the  UHF 
frequency  transmitted  by  the  orbiting  Hilet  satellite.  We  utilized  the  observed 
irregularity  amplitude  of  approximately  20  percent  and  a  thickness  of  100  km  for  the 
irregularity  layer.  The  latter  seems  to  be  a  good  estimate  if  contours  of  maximum 
density  in  the  F-region  are  studied  using  latitude/sltitude  scans  made  by  incoherent 
scatter  radara  at  auroral  latitudes  (Baau  et  al.,  1986).  The  weak-acatter  formulation 
of  Rino  (1979)  was  used  for  the  purpose.  The  equation  foi  the  S,  index  (Briggs  and 
Parkin,  1963)  is  given  by;  4 

S42  ’  (reA)2  (L  sec0)  cs  zV'**  f(v>  J 


where  r  -  classical  radius  of  the  electron 
X  -  the  radio  wavelength 

L  -  the  thickness  of  the  irregularity  layer 
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8  -  the  ionospheric  cenith  angle 
Cs  -  strength  of  turbulence 
Z  -  I*.  eec8/4n,  x,  is  the  range 
v  -  related  to  1-D*spectral  index  given  bp  2v-l 
j  -  geoeetricel  perimeter  releted  to  irregularity 
anisotropy 

f(v)  -  e  function  of  the  irregularity  spectral  index 
Involving  T-functions. 

In  this  paper,  we  shell  confine  our  coaputstiona  to  the  S.  index  only  aa  it  ia  uniquely 
defined  by  the  aeaaureaent  of  C«  and  v,  the  only  aajor  assumption  being  in  regard  to 
the  irregularity  anisotropy.  Tne  phase  scintillation  index,  on  the  other  hand,  depends 
on  the  detrend  filter  characterlatica  and  the  effective  velocity  of  the  ray  path. 

Since  we  will  be  priaarily  considering  auroral  observations,  we  will  aasuaa  sheet-like 
irregularities  aligned  with  the  local  L-shell  (Rina  at  al.,  1978).  The  best  eatlaatea 
of  the  shape  la  given  by  8:4:1,  with  the  largest  anisotropy  being  along  the  nagnetlc 
field  (Freaouw  and  Secan,  1984).  The  effect  of  the  irregularity  anisotropy  on  the  S, 
index,  in  particular,  is  ainiael  except  for  regions  of  exact  alignaent.  4 

in  general,  the  greatest  degree  of  variability  ia  observed  in  C-  which  is  the 
strength  of  turbulence  (Freaouw  and  Secan,  1984).  The  ln-altu  DB-2  Seta  thus  gives  us 
an  estimate  of  this  Important  parameter  for  scintillation  computations.  Aa  noted 
earlier  the  measured  pad  of  -18  dB,  the  spectral  index  of  -2,Qand  irregularity 
amplitude  of  20  percent  translates  to  a  value  of  C,  •  4  :  101  mks  units  using 
equations  glvpn  by  Rlno  (1979).  This  value  of  Cg  translates  to  S,  -  0.25  at  413  MHs 
for  near  overhead  locations  at  an  auroral  station  such  aa  Tromso  .Norway  (magnetic 
dip  •  78°).  If  field  alignment  is  considered,  than  the  S,  index  %  0.5.  Needless  to 
say,  at  such  tines  the  S.  index  at  137  MHx  will  be  saturated  and  cannot  be  estimated 
using  this  weak-scatter  formulation. 

It  is  gratifying  to  note,  that  these  computations  agree  well  with  the  HiLat 
observations  at  413  MHx  made  at  Tromso  shown  in  Figure  3,  The  irregularities  during 
this  event  were  assoclsted  with  velocity  shears  (Baau  at  al.,  1986).  Two  significant 
structures  were  observed  both  giving  rise  to  saturated  VHF  scintillations.  However, 
the  UHF  S,  index  is  slightly  less  than  0,3  for  one  and  0,4  for  the  other  which  is  in 
the  geometrical  enhancement  region. -It  is  Interesting  to  note  that  tha  background 
density  at  this  time  was  3  x  101  m~  aa  compared  to  2  x  10  m~  used  in  the 

computations  based  on  DE-2  data.  This  Indicates  that  large  irregularity  amplitudes 
coupled  with  relatively  shallow  slopes  can  cause  significant  UHF  scintillations  in  the 
auroral  oval.  Further,  when  the  background  density  is  larger  by  a  factor  of  3  or  4 
during  high  sunspot  conditions,  if  the  same  irregularity  amplitude  is  preserved,  it  is 
possible  to  have  a  three  to  four-fold  increase  in  the  scintillation  level.  Thus 
saturated  413  MHx  and  even  significant  1  GHx  scintillation  may  be  expected  in  the 
auroral  oval  in  conjunction  with  velocity  shears  with  particularly  Intense  events  being 
observed  in  the  geometrical  enhancement  region. 

EFFECT  OF  UNDERLYING  E -REGION  CONDUCTIVITY  ON  SCINTILLATIONS 

The  bottom  panel  of  Figure  la  shows  density  data  (S„)  obtained  by  DE-2  in  the 
presence  of  diffuse  auroral  precipitation  which  creates  nigh  conductivity  in  the 
E-region.  The  field-line  integrated  Pedersen  conductivity  is  10  mhos  and  tha  Hall 
conductivity  is  40  mhos  (Basu  et  al.,  1987a),  Tha  corresponding  spectrum  in  Figure  lb 
shows  the  spectral  slope  to  be  -2,5.  The  electric  field  spectrum  shown  in  Figure  2b  is 
even  steeper.  Figure  4  shows  spectral  data  in  the  auroral  oval  obtained  from  AE-D 
which  exhibits  a  one-dimensional  spectral  slope  of  -3  in  the  scalelength  range  smaller 
than  1  km  which  ia  the  region  of  interest  for  UHF  scintillations  (Basu  et  al.,  1984). 

In  order  to  emphasise  the  effect  of  a  conducting  E-reglon,  we  choose  this 
experimentally  observed  slope  of  -3  in  association  with  the  large  irregularity 
amplitude  of  20  percent  which  was  observed  in  conjunction  with  the  velocity  shears 
discussed  earlier.  Using  exactly. the  same  background  density  and  anisotropy 
parameters,  we  obtain  C_  -  8  x  101  mks  units  and  S,  »  .05  in  the  high  conductivity 
region  using  a  spectral1* index  of  -3.  This  is  a  fairly  startling  result  which  shows 
that  scintillation  is  reduced  by  a  factor  of  5  for  the  same  irregularity  amplitude  and 
F-region  density  merely  by  going  into  a  region  whose  magnetic  field  lines  terminate  in 
a  conducting  E-region.  Vickrey  and  Kelley  (1982)  and  Heells  et  al.  (1985)  have  studied 
the  effect  of  E-region  conductivity  on  lifetimes  of  irregularities  and  we  point  out 
here  how  such  factors  can  have  a  large  impact  on  communication  systems.  The  upshot  is 
that  it  is  difficult  to  observe  significant  UHF  scintillations  in  regions  of  high 
E-region  conductivity.  This  is  an  important  factor  to  contend  with  in  the  auroral  oval 
and  polar  cap,  the  former  being  the  seat  of  the  energetic  auroral  precipitation  and  the 
latter  being  illuminated  by  solar  radiation  continuously  in  the  summer  months.  Indeed 
intensity  scintillation  measurements  at  Thule,  Greenland  in  thu  polar  cap  conducted 
over  half  a  solar  cycle  (1979  -  1984)  have  shown  the  enormous  decrease  of  scintillation 
occurrence  and  magnitude  during  the  local  summer  (basu  et  al.,  1987b), 

EFFECT  OF  LARGE  VELOCITIES  ON  SCINTILLATION  STRUCTURE 

Figure  2  gives  examples  of  intense  small  seels, velocity  structure  with  100  mV  m_1 
electric  field  giving  rise  to  a  velocity  of  2  km  s“  in  the  high  latitude  environment. 
However,  at  other  times  fairly  steady  velocities  on  the  order  of  1  km  a”  may  be 
observed  in  the  anti-sunward  direction  in  the  polar  cap  and  in  the  E-W  direction  in 
auroral  latitudes  (Weber  et  al.,  1984;  Basu  et  al.,  1983).  Such  enhanced  convection 
velocities  have  a  noticeable  effect  on  the  temporal  structure  of  scintillations  as 


manifested  by  measured  decorrelation  tinea,  intensity  spectral  shapes  and  the  intersity 
rate  of  scintillations.  Ue  present  intensity  scintillation  data  at  2S0  MHs  in  Figure  5 
fron  two  consecutive  days  as  observed  at  Goose  Say  within  the  auroral  oval 
(Basil  et  el.,  1985).  Signiflcsnt  scintillations  of  the  sane  level  were  observ'd  on 
both  days,  but  or.  March  7  the  decorrelation  tine  shown  in  dotted  lines  was  found  to  be 

2  s  while  that  on  March  8  was  0.4  a.  Estinates  of  the  velocity  could  be  obtained  f-om 
the  intensity  scintillation  spectra  at  the  2  tinea  denoted  hy  arrows  on  Figure  5. 

These  two  spe.trs  ere  shown  in  Figure  6.  The  spectrun  on  March  7  shows  a  Fresnel 
frequency  (ry)  of  0.0S  Ht  while  it  is  0.3  He  on  March  8.  Using  the  relationship 

f-  a  u/(2lr/i  where  u  is  the  drift  velocity  perpendicular  to  the  ray  path  (mostly  G-W 
for  this  gjoaetry),  we  deteralne  this  drift  to  be  65  n  s~‘  on  March  7  and  390  n  s  1  on 
March  8.  Furthersore,  we  note  that  this  velocity  variation  givea  rise  to  widely 
dlfferesL  intensity  rates.  For  the  data  sets  shown  in  Figure  5  the  intensity  rate  of 

3  dB  s'  occurs,  in  0.1  percent  of  the  total  population  on  March  7;  while  ..he  rats 
bacon's  7  dB  s'  on  March  8  for  the  sane  0.1  percent  level  as  shown  in  Figure  7 
(Basj  et  el.,  1987b).  Again  we  find  the  variation  of  a  aagnetospherlc  paraaeter, 
nairely  its  convection  velocity,  having  a  significant  lnpnct  on  propagation  systems 
operating  at  high  latitudes.  Phase-scintillations  were  not  discussed  in  this  paper, 
hut  it  was  shown  by  Basu  et  al.  (1985)  that  enhanced  convection  yields  large  values  of 
phase  scintillation  when  the  source  is  a  geostationary  satellite.  Thus  convection  not 
only  affects  second  order  quantities,  such  as  deco-relation  time,  but  even  affects 
first  order  qusntities,  such  as  phase  scintillation  magnitude. 

EFFECT  OF  UNDERLYING  E-REGION  CONDUCTIVITY  ON  F-REGION  RADAR  SYSTEM  OPERATING  AT  HF 

It  was  mentioned  by  Basu  et  al.  (1987a)  that  one  of  the  unique  characteristics  of 
velocity-shear-aasociated  irregularities  was  the  existence  of  high  psd  of  (AN/N)  all 
the  way  up  to  approximately  10  m  scalelength.  In  Figure  8  we  show  the  psd  at  125  m  and 
46.5  m  observed  in  conjunction  with  the  three  categories  of  spectra  displayed  in 
Figures  1  and  2.  We  note  from  Figure  8  that  the  psd  associated  with  S„  is  almost  three 
orders  of  magnitude  less  than  that  observed  in  the  velocity  shear  region  indicated  by 
Sc  and  S^.  The  filter  output  at  17  m,  while  not  shown,  indicates  a  similar  variation 
of  psd  between  the  two  categories,  that  in  the  high  conductivity  region  being 
lO'll  (|t-l  whereas  it  is  10~8  H*“Mn  shear  regions.  New,  an  HF  radar  operating  at 
10  MHx  will  be  sensitive  to  a  scalelength  of  15  m.  Since  the  background  density 
veriation  through  the  region  encompassing  S„ ,  S-  and  S,  in  Figure  8  is  insignificant, 
and  since  coherent  radar  backscatter  is  proportional  to  (AN)^  (Woodman  and  Basu,  1978), 
we  can  expect  a  30  dB  decrease  in  radar  returns  from  the  F-region  at  10  MHz  when  the 
radar  beam  sweeps  into  the  high  conductivity  region  from  the  velocity  shear  region. 
Indeed  Baker  et  al.  (1986)  hove  shown  that  HF  radar  backscatter  has  been  significant 
from  the  cusp  region  which  is  e  seat  of  large  velocity  shears  and  where  E-region 
conductivity  is  low  because  of  the  soft  particle  precipitation.  Thus,  we  find  that 
underlying  E-region  conductivity  controls,  to  a  great  extent,  the  evolution  of  F-region 
structure,  and  this  in  turn  has  significant  impact  on  radar  and  communication  systems 
operating  in  the  high  latitude  environment. 
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Figure  3.  Intensity  scintillation  index  S,  *t  13?  and  413  NHx  froi  HiLac  peas  at 

Troaso  on  March  11.  1984  between  2035-2042  UT.  The  invariant  latitude  and 
magnetic  local  tine  of  350  ka  intersection  of  the  ray  path  are  shown.  The 
geoaetrical  enhancement  region  is  also  indicated. 
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Figure  4.  A  3-e  aample  of  high  resolution  density  data  taken  within  a  high 

conductivity  region  by  AE-D  (spatial  resolution  35  a)  on  the  lower  panel  and 
its  spectra  on  the  top  panel.  Note  the  steep  spectrua  with  one-dimensional 
spectral  index  of  -3.1  for  scalelangtha  <  1  ka. 
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SOMMAXY 

Results  of  an  experiment  to  dataraine  tha  charactaristlcs  of  VHF  radio  links  ara 
presented.  Tha  experiment  was  conductad  in  a  plain  surroundad  by  mountains  araa  with  a 
syataa  that  allowad  to  saasura  tha  dalay  spraad  (diffaranca  between  tha  maximum  and  aini- 
bub  dalay  propagation  paths)  dua  to  aultipath  propagation. 

Various  sitas  vara  axplorad  with  aaasuraaanta  being  made  at  different  carrier  frequencies 
within  tha  VHF  band.  In  this  environaent,  an  interesting  result  was  that  dalay  spreads 
inoraase  with  tha  carrier  frequency. 


1.  INTRODUCTION 

Interest  in  using  the  VHF  band  in  wideband  KCCM  systaaa  requires  an  understanding  of 
tha  propagation  characteristics  of  radio  frequency  signals  in  various  anvironaents .  Sig¬ 
nal  attenuation  and  tha  affects  dua  to  aultipath  ara  of  particular  interest. 

In  fact,  one  of  tha  pradoainant  characteristics  of  VHF  radio  propagation  is  tha  shadowing 
of  tha  direct  or  lina-of-aight  propagation  path  by  intervening  obstacles  and  aultipath 
dua  to  scatter  or  reflection  froa  buildings  or  aountains  surrounding  tha  radio. 

A  good  daaoription  of  tha  aultipath  characteristics  of  ECCH  systeas  can  be  obtained 
by  Measuring  tha  coaplex  bandpass  iapulsa  response  of  n  radio  link  at  various  sites  of  a 
aountaln  area. 

These  issues  were  addressed  by  a  series  of  experiments  conducted  in  the  Navelli  plain 
near  L'Aquila,  Italy.  A  aiapla  and  effective  Measuring  system,  whose  original  scheme  is 
dua  to  D.  Cox  {1],  was  built.  This  system  is  particularly  attractive  in  radio  environ¬ 
ments  when  a  wide  bandwidth  probing  pulse  is  required  [ 2 ] . 

This  paper  is  dividad  into  two  parts.  Section  2  describes  tha  instrumentation  that 
was  used  to  aake  tha  measurements  and  Section  3  presents  the  radio  links  characterization 
results . 


2.  MEASURING  SYSTEM 

A  technique  for  measuring  the  complex  impulse  response  of  a  radio  link  is  to  transmit 
a  carrier  aodulatad  with  a  pseudonoise  waveform  and  arosscorralate  tha  received  signal 
with  the  transmitted  one  [3] [4].  This  configuration  is  designed  to  produce  the  same  ef¬ 
fect  as  probing  the  radio  link  with  a  signal  having  a  flat  spectrum  over  tha  band  of 
interest. 

Since  the  signals  of  interest  are  of  bandpass  type,  it  is  convenient  to  write  the 
impulse  response  of  the  aultipath  medium  b(t)  as 


b(t)  -  Re[a(t)  exp(j2TTfct)  ]  ,  (1) 


where  Re  [x]  means  the  real  part  of  x,  fc  is  the  carrier  frequency  and  a(t)  is  tha  so 
called  complex  envelope  of  b(t)[5). 

A  block  diagram  of  the  entire  system  to  measure  tha  impulse  response  of  a  radio  link 
with  unknown  coaplex  envelope  a(t)  is  shown  in  Fig.  1.  A  shift  register  with  feedback  is 
used  to  generate  repetitively  a  binary  pseudonoise  sequence  (pn),  n»o,  l,  m-1; 

Pn  <  (-1,1)  (6).  The  most  important  property  of  these  sequences  is  that  their  autocor¬ 
relation  sequence 

M-l 

c,<k)  *  i/m  jr  - 

1-0 


(2) 
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is  Ilka  that  of  a  whit*  noiaa  signal,  namely > 


C»(k) 


for  (k)  sod  K  ■  o 


otherwise  . 


Ol 


The  output  of  tha  ahift 

tan  aa 


ragiatar  goaa  into  tha  mixar  and  tha  signal  r(t)  can  ba  writ- 


r(t)  - 


Z 

i-o 


P,  g(t-iT)  , 


t«) 


F» l/T  baing  tha  clock  frequency  of  tha  shift  ragistar,  (pi)  tha  pariodio  psaudonoiaa 
saquancs  fpi  ■  pi  BCKj  M)  and  g(t)  a  pulsa  of  tha  fon  * 


gf't)  ■  rectf  (t-T/2)/T)  . 


<3) 


For  latar  usa,  wa  dariva  tha  autocorralation  of  r(t) , 

,  MT/2 

C.ft)  -  1/MT  I  r(v)  r(v-t)  dv  . 


?  I  rfv) 

' -wr/2 


Na  nota  that  Cr(t>  is  a  periodic  funotion  of  pariod  NT  and  its  expression 
£2]: 


(5) 

is  given  by 


c,(t)  -  -1/M  +  (1+1/M)  (1-ltl/T)  rect[t/2T)  ,  for  Itl  <  MT/2  ,  (7) 


A  graphical  description  of  aquation  (7)  is  reported  in  Fig.  2.  Cr{.)  is  also  referred  to 
aa  tha  probing  pulaa  in  tha  Measuring  systaa  whose  "width"  is  on  tha  order  of  T.  This 
will  also  be  tha  tise  delay  descrisination  of  the  Measuring  systaa. 

In  the  bandpass  scheMs  of  Fig.  1,  the  signal  r(t)  is  frequency  shifted  up  to  radio- 
frequencies  by  phase  Modulating  a  carrier  signal  at  frequency  fc  with  tha  psaudonoisa 
signal.  Tha  result  is  a  transmitted  signal  of  tha  fora: 


s,(t>  -  Re[r(t)  exp(j2nfct>]  , 


(8) 


where  fc  t  [30,88]  MHz.  Nota  that  the  aixer  and  the  aaplifier  should  have  a  half-power 
bandwidth  of  about  F. 

To  discriainate  two  paths  within  a  tine  delay  of  Microseconds,  the  pseudonoise 
sequence  is  generated  with  a  clock  frequency  of  F  ■  500  KHz,  i.e.  T  “  2  psec.  Moreover, 
an  eight  stages  shift  register  is  used  to  generate  a  sequence  of  M  -  255  cyabols  [3]  so 
that  the  tise  interval  between  two  input  pulses  is  MT  «*  510  pseo  (see  Fig.  2) . 

As  far  as  the  conputation  of  the  average  power  of  the  transmitting  amplifier  is  con¬ 
cerned  wo  hove  that  by  using  antennas  with  an  height  of  2a,  at  a  distance  of  6  km  from 
tha  transmitter  we  experience  an  attenuation  of  about  135  dB  in  the  signal  strength. 
Moreover,  for  a  signal  bandwidth  of  1  KHz,  the  noiss  power  at  tha  reoalver  is  about  -114 
dBmW.  Thus,  to  guarantee  a  signal-to-noise  of  24  dB  at  the  receiver,  the  transmitted 
average  power  aiust  be  of  35  W. 

Referring  again  to  Fig.  1,  let  oft)  be  the  convolution  o.  r(t)  with  the  complex  im¬ 
pulse  response  a(t),  i.e. 


eft)  -  r(t)  •  aft)  . 


(9) 


* 


The  function  rect  (t-a)/b  is  equal  to  one  for  a-b/2  <  t  <  a+b/2,  zero  elsewhere. 


The  received  signal  flj't)  out  be  written  m  + 


F»(t)  -  •xp(j>trtct)  ]  .  (10) 


The  first  bandpass  flltsr  allsinatss  part  of  tha  Input  nolss  while  tha  sixer  la  usad  to 
shift  tha  signal  to  lntersediate  frequencies  (here,  fj-21.4  NHs) . 

tha  saoond  bandpass  flltsr  allsinatss  tha  signal  oosponanta  around  tha  oarrlar  2f0~fi 
producing  a  signal  Sj(t)  of  tha  torsi 

s»(t)  -  Re[o(t)  exp(jant,t)j  .  <u> 

This  signal  goas  into  a  quadrature  hybrid  whose  in-phasa  ooaponant  Ba(t)  is  sisil-'v  to 
8j(t).  Tha  ln-quadrature  ooaponant  Sg(t)  instead  han  a  to*  phase  shift  with  rsapeot  *■« 
S3(t),  i.a. 

3 •  ( t )  -  Ra[c(t)  a*p(j(»nf|t+n/*))]  •  (**> 


Another  sixer  is  used  to  down  shift  84  (t)  to  DC.  This  signal  is  than  aultipliad  by  a 
psaudorandoa  wavafors  that  la  identical  to  tha  transslttad  sequence  but  it  is  produced  by 
a  different  dock  frequency  F'-l/T’.  *•  is  related  to  F  by 


F*  -  F-AF  ,  (1J) 


where 


AF  -  F/K  ,  (14) 


and  K  would  be  a  parasater  of  our  ayataa. 
Signals  Ss(t)  and  S7-;t)  are  of  the  torsi 


S,(t)  «  Re(c(t)  r* (t) ]  +  Re[c(t)  r>(t)  exp( jatm, t> )  (15a) 

and 


s7(t)  -  ls[c(t)  r’(t)]  +  ls(o(t)  r*(t)  exp( janaf, t) )  .  (15b) 


If  tha  bandwidth  of  the  lowpaaa  filter  with  ispulse  response  h(t)  (also  ceiled  correla¬ 
tor)  is  such  saaller  than  fj,  the  higher  frequency  cosponents  in  (is)  are  eliminated  by 
this  filtar.  (The  rasa  result  could  have  been  obtained  by  using  a  low  pass  filter  after 
the  sixer) . 

Let  d(t)  denote  the  coaplex  output  of  tha  correlators,  i.e. 


d(t)  *  i(t)  +  jq(t)  .  <16) 


We  have  that 


d(t)  -  h(t)  *  (c (t)  r 1 (t) ] 


+  e 

h(t-v)  r(v-w)  r’(v)  dv]dw  , 
0 


(17) 


upon  substituting  for  c(t)  tha  expression  (9) . 


At  tha  receiver,  all  signals  era  written  unless  a  gain  and  phasa  factor. 
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h  ol used  form  expression  for  d(t)  la  easily  derived  whan  h(t)  la  tha  lapulee  response 
of  an  ldaal  lntegrata-and-duap  flltor,  i.a.  tor 


h(t)  -  1/HT  rect(  (t-XT/2)/HT]  . 


(U> 


Cenaldar  tha  following  oroasoorreletion  batman  r  and  r* , 

c...  (t)  4  i/wr 


( 

t  I  r(v-s)  r* 


(v)  dv 


wham  t  la  tha  dalay  batwaan  tha  two  paaudonolae  sequences.  In  (2) 
X(aaa  (14)  )  la  larga  enough  wa  can  aaauaa  that 


C..,(t)  *  c,(t>  . 


(1*) 

It  la  ah own  that  It 

(ao) 


whora  Cr(t)  la  glvan  by  (<) . 

on  tha  othar  hand,  at  tlaa  t  tha  dalay  batwaan  r'  and  r  la  ;t/T' ) (T'-T) 


t/X  and 


1/HT 


I 


t 

r(v-a)  r'  (v)  dv 
t-MT 


C,.,  (t-(t-HT)/K)  ,  for  t  )  K[  . 


Thua  tha  output  d(t)  la  glvan  by 


(21) 


or 


d(t) 


+  e 

a(w)  C,.,  (w-(t-HT)/K)  dw 
0 

a(w)  C,((t-XT)/X-w)  dw  , 
o 


(22) 


d  (Kt+HT) 


+a 

a(w)  C  ,{t-w)  dw 
0 


(23) 


From  tha  abovo  aquation,  cr(.)  la  rafarrad  to  aa  tha  probing  pulaa  In  tha  aaaauring  sys- 
taa.  Tt  tha  bandwidth  of  e(.)  la  auoh  aaallar  than  F,  (21)  aiaplitlaa  into  (aaa  aq.  (7))i 


d(Kt+HT)  «  T  a(t)  ,  (24) 

i.a.  tha  output  of  the,  aaaauring  ayataa  ooinoidaa  with  a  tlaa  acalad  vara  ion  of  tha  ia- 
pulaa  response  of  tha  radio  link.  Nota  that  tha  bandwidth  of  d{.)  is  X  tiaas  aaallar  than 
that  of  tha  probing  pulaa  and  a  aiapla  apparatus  oan  bo  uaad  to  record  tha  data. 

Siailar  considerations  hold  trua  for  an  arbitrary  lovpass  filter  h(t).  In  particular 
for  a  single  pole  filter  with  tlaa  constant  RC  (2).  Howavar,  tha  penalty  of  using  such  a 
staple  filter  with  respect  to  tha  ideal  intagrats-and-duap  filter  is  that  aa  higher  value 
of  X  oust  ba  used. 
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Me  WMttli*  now  th*  nUtlMiklp  IMI4  tha  various  parameters  whan  tha  oorrelator  la 
a  ainala  pole  M  (iitor.  Suppose  ws  want  to  meeaura  reflections  with  a  maximum  da  lay  t* 
at  111  Mass  and  with  a  tiaa  discrimination  on  tha  ardor  of  aieroaaoonda  (T-2  juaeo) .  Hore- 
ovar ,  tha  radio  link  ia  assumed  to  ba  tiaa  invariant  tor  an  intarval  tut f  a. u  sec. 

It  auat  ba 


<i) 

Kt 

4 

‘w 

(ii) 

NT 

> 

ta 

(iii) 

RC/MT 

> 

1 

(iv) 

RC/KT 

< 

l  . 

In  faot,  tha  tlrat  condition  implies  that  tha  aaaauraaant  ia  taken  within  an  Intarval 
ovar  which  tha  channel  can  ba  considered  tine-invariant.  From  Fiq.  a,  aha  second  condi¬ 
tion  allova  to  measure  ratlaotiona  with  delays  up  to  tp  seconds .  Tha  last  two  conditions 
are  due  to  tha  tact  that  r 1  doaa  not  coincide  with  r  and  aone  distortion  and  additive 
ttoiae  era  introduced  in  tha  p robin?  pulaa.  However,  the  distortion  ia  aaall  it  RC/(KT)  la 
chosen  snail  enough  and  tha  addltiva  noiaa  ia  negligible  it  RC/(KT)  la  chosen  sufficient¬ 
ly  large  [2). 

By  aalocting  T  -  J  paeo,  H  -  2SS,  K  -  5000  and  RC  -  2.t  aaao  wa  satisfy  tha  abova 
coatrainta  with  RC/ (MT)  -  5.5  and  RC/(KT)  -  0.2a.  For  these  valuaa  an  aotual  received 
probing  signal  in  da  is  like  tha  second  pulaa  shown  in  tha  fourth  profile  ot  Fig.  4. 

To  conclude  tha  description  of  tha  naesuring  ayntea,  an  autoaatlc  reset  nachonian, 
based  on  energy  detection,  la  used  to  position  tha  observation  window  within  the  emblgu- 
ity  window  ot  511  useo.  Thus,  in  aotual  path  delay,  tha  first  echo  ia  always  sat  at  taro 
seconds  (t-0) .  For  later  processing,  tha  complex  output  ia  stored  in  e  ooaputer  after 
seapling  the  two  outputs  i(t)  and  q(t)  with  a  frequency  of  3. at  MU  and  digititing  thee 
with  two  «-bit  K/U  converters. 


3.  IXFERXMBNTM.  RBSOLTS 

The  equipment  described  in  the  previous  aection  wee  used  to  aeasure  the  effects  due 
to  au^tipetha  in  the  Havalii  plain  near  b'aguila,  Italy.  This  plain  ia  vary  narrow  (2  ka 
wide  and  7  ka  long)  and  it  ia  surrounded  by  mountains  on  all  sides.  Both  tha  transmitter 
and  receiver  ware  pieced  In  two  vehicles  end  each  one  was  connected  to  a  two  aeter  anten¬ 
na.  While  the  transmitter  was  set  at  a  fixed  piece,  the  receiver  instate  waa  aovad  to 
different  locations  in  tha  plain.  Fig,  3  provides  an  artiatio  interpretation  of  the  plain 
selected  and  its  local  surroundings.  Tha  nuabera  in  the  map  refer  to  the  aountain  lavul 
at  various  points  while  e  letter  aaana  a  location  selected  tor  aeaeureaenta. 

Given  the  coaplax  impulse  response  d(t),  we  ere  mainly  interested  on  lta  envelope 
scaled  in  timeby  K,  i.e. 

e(t)  -  ld(Kt)l  -  (i*  (Kt)  +  q*(Kt))V*  .  (26) 

In  fact,  e(t)  provides  the  envelope  delay  profile  for  a  radio  link  and  represents  the 
received  signal  as  a  function  of  path  delay  t  referred  to  the  minimum  delay  propagation 
path  (t-0). 

Inoidantally,  for  a  given  path,  the  phase  of  the  received  signal  turns  out  to  be  ran¬ 
dom  with  uniform  distribution.  Thus  the  phase  of  d(t),  which  can  be  considered  as  tha 
composition  of  multiple  random  phases,  is  of  scarce  interest  and  will  not  ba  reported 
here. 

Fig.  4  illustrates  some  extrema  envelope  delay  profiles  froa  Navelli  plain.  The 
horixontal  axis  is  the  propagation  delay  with  the  zero  set  at  approximately  the  minimum 
propaget ion-path  delay  from  transmitter  to  receiver.  The  vertical  axis  is  e(t)  in  dB, 
normalised  to  a  maximum  value  of  about  0  dB.  The  first  profile  wa#  taken  by  setting  the 
transmitter  end  the  reciver  at  points  K  and  Q  in  the  nap  respectively  and  for  a  carrier 
frequency  of  50  MHz.  The  distance  between  the  two  points  is  about  4  ka. 

The  longeut  excess  delay  (i.e.  the  delay  spread)  la  over  /  pee c.  For  the  computation  of 
tha  delay  spread  we  only  take  into  account  paths  with  a  strength  above  -20  dB  from  the 
strongest  path.  The  envelope  delay  profile  changes  dramatically  if  wa  increase  the  car¬ 
rier  frequency  to  B0  HHs  (second  profile  of  Fig.  4) .  The  delay  spread  becomes  9  usee. 
Moreover,  we  note  that  the  strength  of  the  direct  path  is  lower  than  thoae  of  paths  with 
Ion jar  delays.  This  is  due  to  "fading"  of  the  shorter  delay  profiles  at  this  location. 

The  third  profile  of  Fig,  4  has  one  of  the  worst  delay  spread  (17  usee)  that  was  observed 
in  the  measurements.  It  was  measured  between  tha  points  T  and  E  in  the  map  and  of  a  car¬ 
rier  frequency  of  ao  MH*.  The  fourth  profile  represents  instead  on#  of  the  deepest  fading 
of  the  shorter  delay  paths  that  waa  measured.  The  minimus  delay  path  has  a  strength  of 
about  IB  dB  below  that  of  the  strongest  path. 


flf.  •  la  •  aat  ot  ala  envelope  dalay  prorilea  taken  by  sotting  the  transmitter  at 
mUI  a  uri  saving  tha  raoalvar  further  avay  tna  tha  tranaalttar.  Tha  oarrlar  frequency 
la  at  »Mi.  Tha  dalay  apraad  la  uaually  ot  10  uaae  with  a  maximum  ot  14  usee  tor  tha 
third  pjtatlla  (raoalvar  at  point  M) .  Me  deep  fading  ot  tha  ahortar  dalay  paths  waa 
obaarvad . 

It  wo  now  rapaat  tha  abova  aaaauraaanti  bat  with  an  highar  oarrlar  traguanoy  ot  10 
MU  two  phanoaana  appaar  (aaa  Pip.  4) .  Tha  dalay  apraad  Increases!  up  to  IT  usee  tor  tha 
oaoand  and  sixth  protlla  ot  Pip.  4.  Purtharoora,  a  fading  ot  tha  lowar  dalay  proflla  la 
aaan  In  tha  third  and  fourth  protlla. 

Similar  eonaldaratlona  wara  ohaarvad  by  aattlnp  tha  tranaalttar  at  point  T  in  tha 
nap.  Pig.  7  illuatrataa  tour  anvalopa  dalay  protilaa  with  t0  -  14.1  MU  and  two  with  fQ  » 
SO  MU.  Aa  abova,  dalay  apraada  up  to  11  uaao  wara  aaaaurad  with  to  -  SO  Nil.  Finally,  In 
Pip.  t  m  raport  anvalopa  dalay  protilaa  at  tha  aaaa  loeatlona  of  Pip.  7  and  ohanplnp  f0 
to  ao  M't.  Apain  wa  oaaaura  an  lneraaaw  u.  uw  uoiay  apraaa  (up  to  so  uaao  tor  tha  first 
and  aaocnd  protlla)  and  a  fadinp  tor  tha  ahortar  dalay  pa  tha  (aaa  first  protlla) . 


4.  OOWCLCJXOWS 

In  thia  papar  wa  prasantad  raaulta  of  an  experiment  to  determine  tha  oharaotarlstlca 
of  radio  links  at  VHP  in  a  plain  surroundad  by  mountains.  Tha  data  fro*  Nava  111  ^.laln 
show  that  tha  anvalopa  dalay  protlla  at  a  pivan  location  la  time-invariant  with  a  pood 
approximation.  On  tha  othar  hand,  tha  anvalopa  dalay  proflla  may  chanpa  substantially  It 
wo  novo  tha  raoalvar  of  juat  10  m.  Obvloualy,  tha  chanpa  depends  on  tha  arms  undar  con¬ 
sideration.  Nowavar,  tha  bippaat  chanpa  ooeura  by  ohanplnp  tha  carrier  tropuancy.  Am  a 
nattar  ot  toot,  tha  dalay  apraad  panarally  lnoraaaaa  aa  tha  oarrlar  tropuancy  la  in¬ 
arms  a  ad.  Plata  ot  anvalopa  dalay  protilaa  show  that  tor  a  oarrlar  tropuancy  of  so  MU, 
for  an  axampla,  tha  dalay  spread  is  panarally  10  peso  with  a  maximum  valua  ot  14  waoc. 
However,  tor  t0  “  SO  MU  delay  apraada  of  17  and  SO  uaec  are  not  uncommon.  Furthermore, 
fadinp  ot  the  minimum  dalay  paths  was  observed  only  tor  hlphar  values  of  tha  carrier 
frepuenoy. 
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Fig.  5  Six  envelope  daisy  profiles  taksn  from  Naval 11  plain  using  a  carrier  frequency 
f0  -  50  KH*. 
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DISCUSSION 


H.  Visaing*,  NK 

Did  you  cry  to  correlate  the  measured  delays  with  typical  features  of 
the  terrain? 

Author's  Reply 

No,  I  didn't,  because  the  measurements  strongly  depend  on  relative 
phases  of  the  reflected  signals. 

C.  Goutelard,  Fr 

English  translation 

Did  you  use  a  directive  antenna  for  this  experiment?  This  choice 
affects  the  form  of  the  impulse  response  used. 

Author's  Reply 

I've  used  only  an  isotropic  antenna. 
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SUMMARY  OF  SESSION  VO 
THEORY 

by 

B.Crosignani.  Session  Chairman 


There  were  six  papers  scheduled  for  presentation  in  this  session,  two  of  which,  however,  were  not  presented  but  are 
included  in  this  final  proceedings  together  with  four  other  papers.  The  paper  by  O’Donnell  was  presented  impromptu  but  is  not 
included  at  the  author’s  request. 

In  the  first  presentation,  the  author,  SJ.Miller,  examined  the  intensity  fluctuations  arising  from  diffractions  when  a 
nonmonochromatic  wave  was  incident  on  a  deeply  modulating  phase  screen.  By  introducing  the  cross  correlation  between 
phase  coherent  waves  of  different  wave  numbers,  it  was  possible  to  point  out  general  features  of  the  intensity  fluctuations,  not 
previously  noted,  concerning  the  far-field  statistics. 

In  the  second  presentation,  the  authors,  Y  Beniguel  and  B.Gibert,  investigated  the  evolution  of  a  signal  crossing  an  ionized 
medium  with  strong  fluctuations  by  dividing  it  into  N  homogeneous  slabs  each  of  which  was  considered  as  a  weak  phase  screen, 
thus  being  eble  to  calculate  its  amplitude,  phase  and  scintillation  rate. 

The  third  presentation,  by  LBesieris,  dealt  with  die  problem  of  transferring  the  better  developed  continuous  scattering 
techniques  to  the  study  of  discrete  scattering,  having  in  mind  possible  applications  to  remote  sensing  and  propagation  through 
snow  and  rain. 

In  the  fourth  presentation,  by  Pl.Chow,  the  method  of  functional  integration  for  wave  propagation  through  random 
media  was  presented  and,  in  particular,  applied  to  solving  a  random  parabol-c  jtion. 

Finally,  in  the  fifth  presentation,  by  K.O’Donnell,  light  scattering  from  rough  surfaces  was  investigated  in  the  range  of 
extreme  conditions  where  usual  theory  does  not  work  (e.g.,  large  angles  or  .orrugation  scale  shorter  than  the  wavelength). 
Experimental  work  consisting  of  diffuse  scattering  properties  was  presented. 
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SUNIARY 

An  underetandins  of  point  aoureea  In  randoa  madia  la  eeaentlal  If  we  are  to  deal  with  real  eourcee,  and 
effeeta  auch  aa  aource  notion.  Reliable  theory  now  exiata  for  the  intenalty  fluctuationa  due  to  point 
aoureea  in  auch  aedla.  Nuaerlcal  alaulationa  of  auch  fluctuationa  agree  with  theoretical  reaulta.  The 
Intenalty  fluctuation  theory  and  alaulationa  have  been  extended  to  deal  with  the  caae  of  a  moving  aource 
and  obaerver.  It  la  ahown  that  aa  regard!  enaemble  averaged  quantltiea  auch  aa  the  intenalty  fluctuation 
apectra  there  la  reciprocity  between  motion  of  the  aource  and  that  of  the  obaerver.  However,  auch 
reciprocity  doea  not  exlat  If  we  are  dealing  with  the  detailed  individual  fluctuation  pattern  arlalng  in 
a  particular  rea'.laation  of  a  random  medium. 


INTRODUCTION 

During  the  laat  five  yeara  there  have  been  a  number  of  iaportant  advancea  in  multiple  acatter  theory.  Aa 
a  raault  encouraging  agreement  waa  obtained  between  the  new  theory  end  previously  unexplained  experimen¬ 
tal  data.  In  particular,  the  tine  apectra  of  ecousti c  intensity  fluctuationa  caused  by  ocean  internal 
waves  [1],  which  failed  to  agree  with  the  reaulta  of  Ry tov  theory  and  ita  modifications,  now  fitted  the 
predictions  of  the  new  theory  well  [2],  [3],  (4). 

These  Initial  auccesaea  have  led  to  many  papers  aimed  at  extending  and  refining  the  theory.  Nuch  effort 
has  also  been  devoted  to  investigating  the  accuracy  of  the  theoretical  expressions.  In  this  context 
numerical  simulations  of  random  propagation  have  been  particularly  useful.  Not  only  have  they  provided 
a  check  on  theoretical  results  but  have  alao  given  ua  much  insight  into  properties  of  the  wave-field 
fluctuations  that  cannot  be  obtained  from  enaemble  average  expressions. 

In  what  follows  we  shall  outline  the  new  developments  in  theory  and  also  describe  the  accompanying 
advances  in  numerical  simulations.  The  application  to  moving  sources  and  observers  will  be  discussed 
including  the  question  of  the  reciprocity  of  these  motions. 

ADVANCES  IN  THEORY 

The  principal  quantities  associated  with  wave-field  fluctuations  in  a  random  medium  that  have  prospects 
of  being  derived  theoretically  are  the  second  and  fourth  momenta,  m. and  m, .  The  following  equations  for 
these  momenta  have  long  been  known  [S],  { 6 ] 


I?-  ’  3E  <*?  ~  fit>  ■, 
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(1) 


(2) 


where  f.  .  la  the  normalised  two  point  autocorrelation  function  of  refractive  index  fluctuationa  in  the 
medium  integrated  in  the  direction  of  wave  propagation  t,  k  is  the  wave  number  of  the  radiationlVi 
the  transverae  Laplacian  9*  .  r  ,  and  8  ia  the  power  attenuation  coefficient  of  the  random  medium. 

15T 

The  second  moment 

The  second  aonent  %  describee  the  directional  properties  of  the  wave-field  in  the  medium  and  alao  ita 
mean  intensity.  Equation  (1)  for  aw  can  be  solved  exactly  for  a  number  of  useful  cases  Including  that 
of  a  point  aource.  However ,  the  introduction  of  a  ayateaatic  refractive  index  profile  in  the  medium  leada 
to  the  appearance  of  curved  ray  patha  and , phenomena  auch  aa  focussing,  caustics  and  shadow  mones.  in  this 
case  the  second  moment  equation  cannot  be  solved  exactly  but  various  approximate  methode  auch  ae  • ikons 1 
aeries  [7]  and  multi-scale  expansions  [8]  have  allowed  these  effects  to  be  described  with  varying  degrees 
of  accuracy. 

The  fourth  moment 

The  fourth  moment  m*  describes  *be  autocorrelation  and  variance  of  intensity  fluctuationa.  The  following 
solution  of  Bq.  (2)  was  obtained  in  1982  [9],  for  plane  wave  geometry,  in  the  form  of  e  multiple  con¬ 
volution  for  N,  the  Fourier  transform  of  r, 
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£  «  a/kt,'  where  L  la  the  traravera*  aeala  of  the  lrregularitla*  In  the  medium, 

fhla  can  ba  evaluated  approximately  to  give  tha  following  uaaful  axpreaalon 

»«<«.*)  mjf  /axp  Mr  l  httl  up,-  «•]>  «•>  *xp{-lv{}  dC  .  (a) 

A  alallar  aolutlon  for  a  point  aourca  [a]  and  a  medium  that  varlad  In  time  allowad  a  aatlafaetory 
explanation  to  ba  given  for  tha  aeouatlc  intanalty  fluctuatlona  obaarvad  In  tha  Cobb  Seamount  experiment 
(3].  kytov  theory  had  failed  to  account  for  the**. 

'fhla  Initial  auccaaa  provided  tha  lapatua  for  axtandlng  and  refining  fourth  aoaant  aolutlona,  Tha  next 
najor  atap  waa  to  find  a  battar  aatlaata  of  tha  aultipla  convolution  Kq.  (3).  Thla  waa  dora  In  1933 
[10]  and  tha  laprovad  raault  gave  vary  good  agraaaant  with  nuaarlcal  alaulatlona.  (aaa  fig.  1) 


Fig.  1 

Scintillation  index  for  plana-wava  geometry ,  r  »  1000.  Tha  full  curve  givaa  the  thaoratlcal  raault  and 
tha  polnta  and  error  bara  tha  raaulta  of  nuaarlcal  almulatlm*. 

Two-acalo  axpanalon 

Tha  original  aolutlon  of  tha  fourth  moment  aquation  waa  obtained  by  aultipla  convolution.  However,  other 
aethode  of  aolutlon  ware  aoon  developed  and  It  waa  encouraging  to  find  that  they  yielded  tha  aaaa  raaulta 
aa  before,  both  aa  regard*  tha  fundamental  approximation  aa  well  aa  the  Improved  aatlaata.  Tha  flrat  of 
tha  alternative  aathoda  uaed  aaa  that  of  tha  two  aeala  axpanalon  [10]  which  aaawea  that  tha  required 
aoaant  containa  two  dlatlnct  apatlal  acalaa.  On*  of  thaaa  la  called  tha  faat  aeala  and  tha  other  tha 
alow  aeala.  Detailed  inveatlgationa  of  the  fourth  aoaant  aolutlona  ware  carried  out  uaing  tha  two  aeala 
method  [11]  and  revealed  much  about  tha  atructure  or  tha  aolutlona. 

Path  Integral  mathoda 

It  had  long  bean  known  that  tha  varloua  momenta  of  tha  wave-field  In  a  random  medium  can  be  written  down 
In  taraa  of  the  Feynman  path  Integral  [12].  Thla  approach  her  tha  advantage  that  a  medium  with  a 
determlntetlc  refractive  index  profile  can  eaally  ba  dealt  wit 1.,  tha  ray  path*  ari.ing  naturally  in  the 
procaaa  of  evaluation  of  the  integral.  Thla  approach  waa  uaad  ruccaaafully  to  obtain  the  aecond  aoaant 
a*  [12],  It  waa  aub-aquantly  uatd  to  find  tha  fourth  moment  a,  [13],  giving  reaulta  that  were  identical 
with  tho**  obtained  by  multiple  convolution  or  two  aeala  axpanalon.  Thla  axtanaion  of  the  fourth  aoaant 
aolutlon  rapreaanta  the  meat  general  and  flexible  for-  available  at  preaant.  V*  ohall  now  conaider  it 
In  aom*  detail. 


General  aolutlon  with  profile 

The  general  form  of  the  fundamental  approximation  to  tha  fourth  aoaent  In  ttw  caaa  of  a  point  aourca  and 
an  arbitrary  d*<-*ralntatle  refractive  index  profile  la  [13] 


Vv.z>  *  TJwJT  t-ar  {  h(x,(z')  $  x.d'))  gs'} 

{-ik  £*,'«  )  .  v,(Z)J}  dv,(Z) 
where  v,  and  V,  are  tha  aolutlona  of  the  aquation* 

(S) 

v^(Z')  •  VjCZ')  .  V 

(5a) 

Xj(Z’)  *  2,(2’)  .  *  ♦  yk Sit  -  £«) 

(5b) 

JJ  i l  a  matrix  of  derivative*  of  n ,  tha  refractive  index  profile,  along  tha  ray  path  S.  Kara  S  1*  the 
aolutlon  of  tha  ray  aquation 
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The  following  features  of  Vw  general  solutions  on  important: 

(a)  Ik  describes  ■  point  source.  In  pmctlee  aoat  source*  or*  Mbit  and  eon  bo  mil  approximated  by  o  point. 

(b)  because  of  tho  prooonoo  of  the  refractive  Inbox  profile  rodlotlon  froo  o  point  source  follow  the 
deterministic  njp  potho  9<X)  In  tho  abaauev  of  random  irregularities.  Tho  |‘X)  ore  found  by  solving  the 
.t>  aquation  (Sc).  Thle  lo  lopertont  In  oaplleotlono  to  oeoon  acoustics  boeouoo  of  the  ec.-nd  opood  frofllo 
thot  exiota  In  oil  oceeno.  Tho  oolutlon  (9)  describe*  fluotuotlono  duo  to  scattering  about  a  alntlo  i\iy 
path,  but  oolutlon#  can  bo  oaablnod  to  doal  with  convergence  tone*  ohero  aovorol  ray*  arrive  along 
•oporoto  path#. 

(«)  Tho  integration  with  roapoet  to  X*  in  the  exponent  allow  ua  to  toko  Into  account  variation  in  the 
scattering  proportlo#  of  the  aediua  along  tho  my  path.  Such  varlationa  eon  occur  in  real  situations  and 
It  la  iaportant  to  bo  able  to  deal  tilth  thee. 

(d)  Tho  ability  Co  :  :lude  curved  ray  pa  the  allow  ua  to  Oral  ulth  caaaa  of  foci  and  caustics. 


Limitations  of  Csrtsalsn  coordinates 
Tho  obvious  flexibility  of  the  aolut: 


solution  (S)  aaana  that  It  can  be  uaed  in  moot  caaaa  aneountarad  in 


practical  ocean  aeourtica.  A  aora  aecurata  result  can  ba  achieved  If  nocoiaary  by  the  use  of  the  next 
approximation  uhich  alto  handles  points  (a)  -  (d)  above  but  has  a  aora  eoapllcetad  structure.  Certain 
aarioua  objections  have,  however .  bean  raised, cc.reaming  the  validity  of  the  point  source  aolutlona 
described  above.  It  has  boon  suggested  [14]  that  because  the  fourth  aoaant  wo  derived  In  a  Cartesian 
ay a tea  of  coordinates  the  aaall  departure  free  a  truly  circular  wvafront  encountered  in  thle 
represents,  ion  leads  to  a  1ST  fa  emulative  error  In  the  multiple  acattar  Halt,  and  that  the  solution 
could  ba  grossly  in  error. 


Curvilinear  coordinate  avatars 

A  recent  aajor  advance  in  scattering  theory,  relevant  to  the  objection  mentioned  above,  has  bean  the 
furaulatlon  of  the  aoaant  equations  in  general  curvilinear  coordinate  ayateaa  rather  than  in  Cartesian 
coordinates  [15].  In  this  way  wave fronts  expanding  f.ua  point  sources  can  be  dealt  with  exactly,  while 
curved  ray  paths  due  to  refractive  index  profiles  can  ba  nade  to  coincide  with  the  curvilinear  coordinates 
and  the  Uaitatlona  of  aaall  ray  excursion  and  curvature  can  ba  reaoved.  The  only  restriction  now 
reaainlng  la  that  the  randoa  Irregularities  in  the  sodium  should  causa  the  radiation  to  depart  by  only 
saall  aaount*  froa  the  deterministic  ray  paths. 


Tna  introduction  of  curvilinear  cooi  Una tat  has  also  enabled  ua  to  answer  the  question  of  the  error 
arising  wran  the  wave-field  roa  a  point  source  la  represented  in  Cartesian  coordinates.  The  fourth 
aoaant  aquation,  written  in  cylindrical  coordinates,  can  ba  solved  aa  a  multiple  convolution  to  give 
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and  R  la  the  scaled  radial  coordinate  r. 

Evaluation  cf  Iq.  (8)  leads  to  results  that  era  formally  the  case  aa  those  obtained  when  Cartesian 
coordinates  are  used,  except  that  the  i  coorulnatela  replaced  by  the  radial  coordinate  r, 


Fig.  ? 

(a)  Cartesian  and  curvilinear  coordinates  for  a  point  source  with  no  refractive  index  profile 
(b'  Cate  of  a  general  refractive  Index  profile. 

Thle  iapliee  that  the  Cartesian  representation  la  accurate  to  the  extant  that  r  can  ba  replaced  by  a. 

In  other  word#  the  uoint  of  observation  («  .  a )  oust  remain  clots  to  the  ■  axis.  The  same  result 
presumably  also  hold#  true  even  when  the  presence  of  a  refractive  index  profile  lead#  to  curvwd  ray  path#. 
Xt  1#  iaportant  to  koap  this  In  mind  whan  using  a  Uating  fourth  actant  solutions.  The  three  methods  cf 
solution  discussed  above  have  been  carried  out  using  a  Cartesian  coordinate  eye lee  and  so  tha  results 
should  only  ba  uaed  provided  that  tha  ray  paths  do  not  depart  such  from  the  s  axis  (tho  ratio  x ,  * 
should  be  axsll).  Solutions  found  in  curvilinear  coordinates  would  ba  free  from  such  restrictions,  ° 
itowevrr,  apart  Irca  the  csss  given  above,  these  solutions  have  not  yet  been  found.  They  will  be  a  logical 


extension  of  the  present  work  on  fluctuation  phenomena  and  will  provide  wmn  to  m  (till  unenswm red 
questions  In  the  field. 

NUWRXCAL  SIHULATtOM 

An  n  method  for  obtaining  insight  into  fluctuation  phenomena  iwiMetl  simulations  of  random  wave 
propagation  oron  method  that  ranka  equal  in  importance  with  tha  analytical  appraanhoa  discussed  above. 

Plana  ntt  nomitry 

Simulations  have  bean  used  successfully  tc  teat  tha  reoulta  of  fourth  aaaant  theory  in  tha  caaa  af  plana 
vava  paaaafay  [14].  the  prineiplee  of  auoh  numerical  aiaulttlona  are  uall-hnaan  and  *111  not  ba  described 
hare.  A  typloM  aaaapla  of  tha  intensity  fluotuationa  induced  in  a  plana  aava  travelling  in  a  randan 
medium  containing  irregularities  with  a  Qauaaian  autocorrelation  function  la  (Ivan  in  Pip.  1.  Tha 
variance  of  theee  intensity  fluotuationa  aatiaatsd  free  many  such  nuaarina)  emulations  it  ehoun  by  tha 
points  with  error  bars  In  Pip.  1.  This  provlpad  a  check  on  tha  accuracy  of  tha  theoretical  expression 
shown  in  tha  sane  fipure. 


Flp.  3  Intensity  fluctuations  simulated  for  plane- wave  paoaatry. 

Point  aouroa 

fine  method  of  ohaokinp  tha  accuracy  of  tha  fourth  sonant  solution  in  the  caaa  of  a  point  aourco  is  by 
comparison  with  tha  results  of  numerical  simulations,  as  ana  dona  In  tha  caaa  of  plans  wave  geometry. 
However,  numerical  simulations  involve  considerable  dlfficultlaa  whan  wa  are  daalinp  with  a  point  wourco. 
This  la  bacausa  it  la  noat  convenient  to  rapraoant  tha  acattsrlnp  nsdtun  in  Cartsolan  coordinates.  In 
such  a  coordinate  system  there  are  vary  rapid  oscillations  in  tha  phsa*  of  the  wave-field  else*  to  th* 
aource,  and  it  la  not  possible  to  achieve  the  required  resolution  numerically.  To  ova room*  this  a 
physically  extended  source  [IT]  la  used  whose  field  approxlaatea  to  that  of  o  point  aource  nt  ranges 
whore  the  scattering  effect  le  only  Just  beginning  to  bo  important,  and  in  a  certain  range  of  angles 
about  tha  a  axis.  Simulations  of  intensity  fluctuations  using  such  a  quae l -point  aource  are  shown  in 
Pip.  4.  The  intensity  fluctuation  variance  resulting  from  many  such  simulations  ie  shown  in  Pip.  5 
together  with  the  theoretical  variance  obtained  by  solving  tha  fourth  Kxaent  equation  for  a  point 
aource.  Tha  agreement  appears  reasonable  but  there  la  a  fairly  large  statistical  scatter  in  the 
simulations.  This  la  due  tc  tha  fact  that  tha  intensity  fluctuations  are  non-etbtlanary  transverse  to 
the  e  direction  and  spatial  averages  cannot  bo  used  to  substitute  for  ej amble  averages.  Thus  tha 
simulations  must  ba  repeated  a  much  larger  number  of  times  in  order  to  achieve  a  statistical  average 
equivalent  to  that  of  the  plane-wove  caaa  where  epatlal  averages  can  also  be  used. 


Pig.  d  Intensity  fluctuations  simulated  with  a  quasi-point  aourco. 

Curvilinear  coordinates  can  also  bo  used  in  numerical  simulations  to  avoid  tha  problems  associated  with  a 
point  source  fig].  Curved  wave-fronts  appear  naturally  In  cylindrical  coordinates  and  the  rapid  phase 
oscillations  mentioned  above  are  not  encountered.  Intensity  fluotuationa  arising  in  tha  wave-field 
radiating  from  a  point  aourco  era  shown  In  Pig.  g. 


H*5 


Fig.  5  Scintillation  Index  froa  aiaulatlona  with  a  quaal-point  source.  The  full  11m  glvaa  tha  theoretical 
result. 


Pig.  <  intensity  fluctuations  alaulated  with  a  true  point  aourca. 

Thee*  fluctuation*  ara  now  statistically  stationary  In  tha  aolauthal  direction  and  apatlal  average*  can 
bo  used  for  anaaObla  avaragaa.  As  a  raault  better  atatiatioal  avaraga*  can  ba  obtained  with  rawer 
realisation*.  Tha  variance  of  lr.tenalty  fluctuation*  obtained  by  thl*  aathod  ia  ahown  In  Fig.  7  together 
with  tha  theoretical  raault,  and  the  agraaaant  la  aaan  to  ba  quite  satisfactory. 


Fig.  7  Scintillation  index  froa  ataulationa  with  a  true  point  aourca.  Tha  full  Una  give*  the  theoretical 
raault. 

Thu*  numerical  ataulationa  have  enabled  ua  to  verify  tha  accuracy  of  our  fourth  accent  aolution  in  tha 
eaa«  of  a  point  aourca .  Wa  have  additional  confirmation  of  tha  eonclualon,  drawn  above  on  theoretical 
ground* ,  that  point  aourca*  can  ba  adequately  dealt  with  In  Cartaaian  coordinat*  ayataaa  provided  tha 
observation  point  la  not  too  far  froa  tha  a  axis. 

MOTION  OP  SOUBCI  MB  Of  StRVXS 

Tha  affects  of  motion  of  aourca  and  observer  can  now  b*  studied  since  wa  have  a  theory  for  tha  intensity 
fluctuations  due  to  a  point  aourca  and  can  alao  utaulata  such  propagation  mxaerlcally. 

Theory 

Tha  apatlal  fraquanoy  spectrum  of  intensity  fluctuations  aaan  by  a  fixed  observer  whan  a  point  aourca 
moves  In  a  direction  transverse  to  tha  direction  of  wave  propagation  can  ba  derived  by  any  of  tha 
method*  outlined  above.  Tha  fundamental  form  of  thl*  spec true  ia 
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Vv,t'  •  £  / sap  1-f  (  h|(  4  -  vt)  V/t  I  v(I  -  **))  d*>)  tap  Ni  v4)d4  . 

Iht  wrw  u  muM  to  bo  mini  vlth  •  uniforo  velocity  v  In  the  tNltlw  it  direction  and  t  to  tho 
lot  to  okoorvotloo  ttaoo.  Mian  *  to  sore  8q.  (?)  reducee  to  the  corresponding  ookroooton  ror  o 
stationary  oouroo  ouok  oo  mould  ko  obtained  from  ||,  <»). 

IktlM  itOlfVT 

It  to  o  o  too  to  oottor  to  Oortvo  tho  spatial  fre  queasy  Itoctna  of  Intensity  fluctuations  toon  by  o  aovlng 
obosrvor.  Tho  coodlnate  of  tho  aboorvor  to  orltton  oo  o  Amotion  of  ttao  using  *ho  volorlty  of  tho 
Iboirvir .  for  tho  sac*  of  mi  oboorvor  aovlng  with  o  uniform  velocity  v  In  tho  pooltlvo  a  direction  oo 
hove 
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Oooporloon  of  too.  (7)  end  (•'  ohooo  that  action  of  tho  oouroo  and  obaorvor  arc  equivalent  aa  moido 
their  effect  on  tho  o.ioia01o  avert**  quantity  ILtv.t).  The  dlfforoneo  In  aivw  botuoon  tho  foe  tore 
(4  t  vi)  In  tho  flrot  oyonantlol  la  duo  to  tho  fact  that  pooltlvo  a  notion  of  tho  eource  la  equivalent 
to  a  negative  a  notion  of  tho  okoorvor.  thla  moult  sight  have  toon  expected  on  physical  trounda,  but 
It  la  satisfying  to  nave  proved  that  lociprocity  oalata  aa  regards  eource  and  obaorvor  notion  and  their 
affect  on  tho  averaged  apeetrua  H(v.I).  Hoaovor,  vhan  it  eoaea  to  exsainlng  tho  apactflc  Intenuity 
potto ma  recorded  In  tho  too  cocoa  of  o  moving  aourco  and  a  raving  obaorvor  ve  find  that  thla  reciprocity 
doom  not  hold. 


Maulattona 
The  Into holt 


Tty  fluctuation*  duo  to  a  aovlng  oouroo  and  obaorvor  eon  bo  olaulatad  ualng  tho  techniques 
doocrlba.  above.  Ve  ahull  llluotrata  tho  aaln  moult*  ualiv  tho  quaal-polnt  aourco.  Tho  pattern  of 
intanalty  fluctuatlono  aeon  by  a  aovlng  obaorvor  it  given  by  taking  a  cut  through  on  intanalty  plot  ouch 
aa  given  In  rig.  4.  ho  oo*  that  vhan  the  obaorvor  moves  transverse  to  tho  direction  of  propagation  both 
tho  aaln  intensity  pooh  duo  to  tho  proxlait?  of  tho  source  1*  encountered  oo  moll  no  additional  pooka 
duo  to  focussing  by  the  nedlim. 


The  comm  of  o  stationary  obaorvor  but  *  aovlng  eource  eon  be  sioulmtc  by  using  the  cam  realisation  of 
tho  random  medium  but  changing  the  position  of  tho  oouroo  by  a  snail  amount  each  time  to  obtain  o 
continuous  curve  for  tho  observed  intensity  at  different  distances  from  tho  aovlng  point  source.  The 
intensity  recorded  by  observe re  situated  at  different  distances  in  o  random  medium  vhan  the  source  moves 
la  ahovn  in  Tig.  8. 


4*) 


rig.  8  («)  Intensity  recorded  by  atatlonary  oboorvors  at  different  distances  In  o  random  medium  aa  the 
source  moves  from  left  to  right. 

(t)  Posit ions  of  the  observe re  and  trajectory  of  the  source. 

Tho  intensity  records  for  the  aovlng  oouroo,  vhan  compared  with  the  corresponding  records  for  the  aovlng 
observer,  shoe  that  thorn  does  not  oxlat  reciprocity  botvecn  these  teo  coses  so  regards  tho  detailed 
Intensity  pattern  observed.  This  is  particularly  mil  Illustrated  by  tho  remarkable  fact  that  for  tons 
fixed  oooirver  positions  It  Is  possible  for  the  source  to  move  completely  across  tho  field  of  view  Mid 
for  tho  observer  to  record  no  Intensity  peek.  Not  only  do  tho  observed  fluctuatlono  remain  very  lev 
but  also  the  largo  level  of  intensity  duo  to  tho  point  source  la  not  recorded.  This  Is  in  contrast  vith 
tho  Como  Ilf  tho  aovlng  observer.  Horn  tho  obaorvor  si nays  encounters  both  tho  main  Intensity  peak  duo 
to  the  entree  so  mil  oo  sow  subsidiary  peaks  duo  to  tho  Intanalty  fluctuations. 

Concluolw 

The  nooostary  theory  and  iHSwrlcal  simulation  techniques  Mve  boon  developed  to  allow  us  to  represent 
»  point  source  in  o  suit! ply  scattering  medium  end  treat  ths  Intensity  fluctuations  due  to  such  s  source. 
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Th#  theory  hM  illnH  the  Min  (MtWM  of  oueh  intensity  fluctuation  pattern*  to  he  quantified  and  has 
MiUM  ttM  emulation  theory  to  M  MtM. 

Tho  question  »f  ttM  notion  rf  source  tnd  oturar  has  boon  treated  uelng  the  Mon  techntquaa  ard  torn 
of  ttM  noln  offoota  hove  boon  Ooolt  vlth  and  described. 
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CROSS-FREQUENCY  CORRELATION  OF  INTENSITY  FLUCTUATIONS  IN  PHASE -CHANG I NO  MEDIA 


Sarah  f .  Millar  Cambridge  Ocean  Acoustica  Group 
Dapt.  of  Applied  Mathematics  and  Theoretical  Physics* 
Silver  Street,  Cambridge  U.K. 


SUMMARY 

The  cross -correlation  of  intensity  fluctuations  at  two  different  wave  frequencies  ia  a  useful  tool  in 
remote  sensing  of  sources  end  random  phase  changing  media*  The  cross -spectrum  of  these  fluctuations  is 
investigated  here  for  the  model  of  a  deeply  modulated  phase  changing  screen*  An  analytic  expression  is 
obtained  for  thia  spectrum  and  the  effect  of  increasing  frequency  differences  is  demonstrated*  Finally 
the  statistics  of  the  wave  fields  in  the  far  field  are  examined  by  comparing  the  second  and  fourth 
moments.  It  is  shown  that  the  relationship  of  these  moments  is  consistent  with  the  assumption  that  the 
statistics  of  a  monochromatic  field  are  normal  in  the  far  field*  but  inconsistent  with  wave  fields  of 
different  frequencies  having  a  joint  normal  distribution  there. 


INTRODUCTION 

Observations  of  intensity  fluctuations  at  two  different  wave  frequencies  are  extre..«ly  useful  in  the 
remote  sensing  of  random  phase-changing  media  auch  as  the  ionosphere,  atmospheric  layers,  the  solar  wind, 
and  the  rough  surface  of  the  ocean.  If  intensities  only  have  to  be  recorded  the  method  is  much  more 
robust  and  simple  than  in  the  case  of  complex  amplitudes  when  the  phases  must  also  be  measured.  Cross¬ 
correlation  of  intensity  fluctuations  at  two  different  frequencies  provides  some  of  thi>  information 
obtainable  from  spaced  observing  stations*  but  offers  the  advantage  that  only  a  single  station  need  be 
used. 

Thia  paoer  oresents  the  theory  of  intensity  cross-correlation  for  the  model  of  a  deeply  modulated  phase 
changing  screen.  Such  a  model  has  been  long  used  successfully  to  treat  most  of  the  physical  situations 
mentioned  above  ([2],  [3]*  [4]).  However,  cross-frequency  theory  has  existed  only  for  screens  with  a 
weak  phase  modulation.  This  new  extension  of  the  theory  exhibits  some  features  of  the  intensity 

fluctuations  not  previously  noted.  Firstly,  decorrelation  of  intensity  fluctuations  with  distance 
beyond  the  screen  is  slow  up  to  a  certain  distance,  when  it  then  proceeds  much  more  rapidly.  Secondly, 
there  is  a  residuul  correlation  even  at  quite  ?arge  wave  frequency  differences  that  is  surprisingly 
large.  Thirdly,  it  can  be  demonstrated  that  at  larje  distances  beyond  the  screen  the  complex  amplitudes 
of  the  wave  field  at  different  wave  frequencies  do  not  obey  joint  Gausclan  statistics,  contrary  to  what 
is  usually  believed. 

These  characteristics,  and  in  particular  the  nature  of  the  far  field  statistics  of  the  fields,  provide 
insight  into  the  analogous,  but  more  complicated,  problem  of  the  crosa-coi'relation  of  intensity 
fluctuations  produced  by  an  extended  scattering  medium. 

The  theory  presented  allows  croes-frequuncy  techniques  to  be  applied  to  real  physical  situations  when 
the  iiedium  imposes  large  phase  modulations  on  the  wavefleld  .  This  should  prove  quite  valuable  and 
useful  in  diagonlstlc  remote  sensing  of  the  ionosphere,  atmosphere,  solar  wind,  and  rough  ocean  surface, 
where  there  ia  a  large  range  of  applications. 

THE  CROSS-SPECTRUM  OF  INTENSITY  FLUCTUATIONS  PRODUCED  BY  A  DEEP-PHASE  SCREEN 

If  a  plane  wave  propagating  in  the  positive  z  direction  traverses  a  la/er  of  medium  with  a  randomly 
varying  refractive  index  lying  in  the  x-y  plane,  it  will  receive  a  phase  modulation  that  is  dependent 
on  its  wave  number,  k.  If  two  phase  coherent  wavefields  of  different  vave  numbers  k,  and  k,  are  incident 
on  the  layer  they  will  receive  different  phase  modulations  so  that  as  the  fields  propagate  in  free  apace 
beyond  the  lnyer,  the  fluctuations  that  develop  in  the  Intensity  patterns  are  different  for  each  field. 

The  Joint  intensity  statistics  of  the  fields  are  studied  via  the  cross-correlation  of  intensity 
fluctuations.  If  the  layer  does  not  vary  in  the  y  direction  this  ia 


</*></,>  ’ 


where  1^  -  I(ki*xi*z)  and  K  =  Xj  -  xf.  The  Fourier  transform  of  R(0  is  the  cross-spectrum  F(v)  which 

shows  how  the  correlation  is  distributed  over  the  different  spatial  frequencies,  v  and  how  thia  is 
affected  an  the  ratio  of  wave  numbers  r  =  k,/k,  is  varied.  For  waves  scattered  by  a  layer  of  medium,  which 
imposes  a  phase  modulation  of  variance 

F(v)  =  2^J{exp[-#/»(f,  i>Z)]— exp[-$A(co,  vZ)]}  d£, 


(2) 
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Wh*"  A(£  pZ)  -  i  +  -  r-'flrvZ)  ~f{»Z)  +  + tfl  +  f]  vZ) 

+M~'JLl+r]  ^)]-r'H/(€+«l-r]  vZ)  +/(*-*[  1  ■ -r)  «*)].  W 

Here  f(()  ii  the  normalised  auto-correlation  function  of  the  phaae  modulation  and  Z  ia  diatance  acaled 
with  the  Freanel  length. 

When  the  layer  impoaee  large  phaae  modu'.ationa  (♦(  >>  1),  the  apectrum  can  be  evaluated  [l]  to  give 
two  approximate  forma  of  F(v);  and  Fg(»)  which  ia  valid  at  large  apatlal  frequencies  and  F^fv)  valid 

at  low  frequencies.  If  the  auto-correlation  function  ia  Gaussian,  these  large  +{  approximations  are 

*»  -  ^ J{«P  ( - *5>[/'(f ) -rm  [Vz\')~ exp  (  «r(0)[**r)} •-»<«,  „  < 


and 


Fa{v)  =  (4jt^f-*|/'(0)|)-‘ esp{-(l-f-,)^J-^/»i).  (rZr1  <  t> 

f2<S,{r-‘|/*(0)|}t».  Z<Z„  (5) 

W''=\2{<50Z(l-r)}-Hr-‘|/'(0)rl.  Z>Z , 

Thus,  at  high  frequencies,  the  apectrum  decays  like  exp(-v‘/v£)  of  width  which  la  constant  as  the  waves 

propagate  away  from  the  layer  up  to  a  distance  Z,.  Beyond  this,  for  r  <  1,  v  decreases  and  the 
correlation  of  the  intensities  la  limited  to  smaller  and  smaller  spatial  frequencies  us  distance 
increases.  This  la  illustrated  in  Figure  1  which  shows  cross-spectra  for  waves  of  acoustic  frequency 
ratio  r  «  O.B  before  and  after  Z,  -0.0E  is  reached. 


Figure  1 

Cross-spectra  of  intensity  fluctuations  of 
acoustic  frequency  ratio  r  -  0.6. 


Figure  Z 

Cross-spectra  of  intensity  fluctuations  at  scaled 
distance  Z  •  0.0b. 


The  low  frequency  oart  of  the  spectrum  F.(v)  is  independent  of  the  ratio  r  and  is  therefore  identical  to 
the  autospectrum  which  can  be  shown  [4]  to  increase  from  the  origin  like  v‘ before  passing  through  a 
maximum  and  decreasing  like  v~l.  All  the  information  about  r  is  contained  in  F_(v)  which  becomes  increasingly 
truncated  at  large  v  aa  r  decreases  from  one  until,  in  the  limit  r  -0,  only  F .Tv )  remains, (Figure  2). 

This  corresponds  to  the  fact  that  F„(v)  represents  the  fine-detail  features  of  the  intensity  fluctuations 
that  become  rapidly  different  as  thi  intensity  patterns  arise  from  wavefields  of  increasingly  different 
wave  numbers.  On  the  other  hand, F.( v)  corresponds  to  the  very  large  features  in  the  phase  modulating 
layer,  and  hence  in  the  intennlty  pattern,  that  retain  their  identity  even  when  the  Incident  fields 
have  very  different  wave  numbers. 

LIMITATIONS  OF  GAUSSIAN  STATISTICS  IN  THE  FAR  FIELD 

The  relation  between  different  moments  of  the  field  beyond  a  random  phase  screen  is  of  interest  because 
it  can  yield  important  information  about  the  probability  distribution  obeyed  by  the  random  field.  It  is 


frequently  Mauaed  that  In  a  randoa  medium  or  bayond  a  deep  phaaa  aoraan  for  dlatancaa  that  are 
aufflclantly  largo,  tha  field  haa  a  normal  dlatributlon  ([5),  [6],  [7]),  and  that,aa  a  reault,  the 
aeeond  and  fourth  aoaenta  are  connected  In  a  alaple  manner.  However ,  it  can  ba  ahowi  [1]  for  a  deep 
phaae  acreen  that  thla  aaauaptlon  nay  be  valid  in  the  eaae  of  a  monochromatic  wavefleld  but  breaka 
down  when  vavea  of  different  frequenolea  are  being  coneldared. 

If  It  la  assumed  that  in  the  far  field  the  complex  flelda  E(k, )  and  E(k, )  obey  e  Joint  normal  dlatributlon 
then  in  thla  region  the  cross-moments  of  intensity  and  thoae  of  the  complex  amplitude  are  related  by 


</,/,>  HOP,  £•>(•+ </,></,>, 


where  E^  *  B(k.  ,x.  ,*).  This  io  a  relation  bstween  the  croas-correlation  R(0  and  the  complex  coherence 
m(C)  »  and  can  be  expressed  in  terms  of  spectra  as 

where  M<v)  is  the  Fourier  transform  of  m(0  and  for  fields  scattered  by  a  deeply  modulating  screen  is 


jjU  dp' 


M  (v)  =exp{-ic4*(l-r-‘)1+iip>Z(J-r)} 

i  r  (8) 

x  — J  exp {-  (4,y r)  [1  -/(()])  e-‘<-  dg. 

If  Eq.  (7)  were  valid  for  all  spatial  frequencies  v,  then  its  Fourier  transform,  Eq.  (6),  would  be  true, 
consistent  with  the  joint  normal  assumption.  However,  it  can  be  shewn  that  Eq.  (7)  holds  only  for  the 
part  of  the  spectrum  described  by  F_(v)  and  not  for  the  part  giver,  by  F,(v),  v  <  Z~‘ 

The  implications  of  this  are  very  different  when  the  field  is  monochromatic  (r  *  1)  from  when  r  is  lees 
than  ones,  and  the  two  cases  are  illustrated  in  Figure  3.  In  the  former  case  Ffi(v)  has  a  width  which  is 
independent  of  Z,  whereas  the  part  of  -he  spectrum  described  by  F.(v)  decreases  as  Z  increases  and 
eventually  becomes  a  negligibly  small  part  of  the  spectrum.  At  this  point  the  relationship  Eq,  (7)  can 
be  considered  to  hold  for  all  v  and  its  Fourier  transform  can  be  taken,  giving  Eq.  (6),  which  is 
consistent  with  th*  assumption  that  the  monochromatic  complex  field  h^a  a  normal  distribution  ut  large 
distances  from  the  scattering  layer. 

However,  when  the  waves  have  distinct  wave  r umbers,  the  width  of  F  (v)  is  constant  o.ily  up  to  distance 
Zt,  beyond  which  it  decreases  at  a  rate  comparable  with  the  decrease  in  width  of  P,(v).  The  fraction 
of  the  spectrum  described  by  F  (v)  is  constant  as  Z  increases  and  can  never  be  considered  a  negligibly 
small  contribution.  Since  Eq.  *7)  does  not  hold  for  those  frequencies  described  by  F.(v),  relation 
Eq.  (6)  cannot  be  recovered.  The  resulting  inequality  between  the  cross-correlation  atad  the  square 
of  the  complex  coherence  is  incompatible  with  the  fields  having  a  join*  normal  distribution. 
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Figure  3 

Auto-spec crum,  r  =  1,  and  cross-spectrum,  r  =  0.9,  (continuous  lines)  at  a  large  distance  from  a  screen 
with  a  iauasian  autocorrelation  function,  and  VH( v1)  H*(u  -  v)  d»  (chain  line);  Z  -  l.o, 

COLLUSION 

Intensity  fluctuations  arising  when  a  non-monochroma  tic  wavefleld  Is  incident  on  s  deeply  modulating 
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phasa-changing  icmn  have  baan  investigated.  Examination  of  F(v),  tha  frequency  croaa-apartrua  of  tho 
fluctuation*  produced  by  a  aorasn  with  a  Gaussian  auto-c or  relation  function  haa  ravaalad  certain  fanaral 
feature*  of  sue!)  intanaity  oroaa-epactra.  A  ooapariaon  of  th*  -implex  coharanca  and  tha  intanaity 
correlation  of  th*  fialda  at  a  large  dlatanc*  froa  th*  roraan,  gives  a  raault  which  la  inconalatant 
with  th*  aaaumptlon  that  th*  coaplax  fialda  of  wavaa  wit  i  different  frequencies  obey  a  Joint  noroal 
dlatrlbutlon. 
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DISCUSSION 


£ ,  Jakeaan,  UK 

Is  the  prediction  of  non-j oJ  nt  normal  dlstorcion  ac  long  distances  a 
special  feature  of  your  screen  problem  or  will  it  hold  for  other  far- 
fleld  speckle  patterns? 

Author's  Reply 

Non-joint  Gaussian  statistics  is  a  result  of  two  features  present  in 
the  cross  spectrum.  1)  Decorrelation  at  high  spatial  frequencies  of 
scattered  fields  of  distinct  wave  frequencies.  It  is  at  these 
spatial  frequencies  where  the  individual  fields  obey  Gaussian 
statistics . 

2)  Correlation  ac  low  spatial  frequencies  where  each  field  is  not 
normally  distributed. 

Provided  the  fields  can  be  described  in  this  way,  the  complex  fields 
(summed  over  all  spatial  frequencies)  will  not  obey  joint  Gaussian 
statistics.  For  example,  this  is  a  good  description  of  multiply 
scattered  fields  in  an  extended  (nondlsperslve)  medium  (Miller  and 
Uscin8kl,  1936,  Optica  Acta  33). 

A.  Ishlmaru,  US 

Are  the  phase  fluctuations  ac  the  exit  plane  (2  -  0)  perfectly 
correlated  at  different  frequencies? 

Author's  Reply 

Yes,  I'n  assuming  one  of  the  following  forms  for  the  phase  modulation 
(x)  of  a  wave  of  frequency  f.  (Here  c0  ■  speed  of  a  wave  in  free 
space)  either 

a)  $(x)  -  —•  h(x) 

o 

Here  the  phase  change  is  caused  by  scattering  from  an  Irregular 
surface  of  height  h(x)  (and  with  height  and  horizontal  length  scale 
such  chat  this  model  is  appropriate),  or 

b)  The  phase  modulation  is  due  to  the  wave  passing  through  a  thin 
layer  of  nondlsperslve  refracting  medium.  Here,  I'm  assuming  that 
the  wave  suffers  no  diffraction  on  passing  through  the  layer  and  so 
it  emerges  with  a  pure  phase  change 

(x)  -  —■  (x)h 
o 

(x)  *  refractive  index 
h  "  width  of  layer 
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Nedtlt  da  propagation  d'une  and*  electrons gndtlqu* 
dans  un  ailleu  lonlad  *  fort#*  fluctuations 

par  la  adthod*  das  dcrans  da  phase 


T.  BBtlOUEL.  Laboratoir#  Central  d*  Tdldcaaaunicatlons 
18-20  ru*  Orange  Sana  Ross  -  B.P.40 
78141  Vdlliy-Villacoublay  Mn 

at  B.  OIlUtT,  &drosp*tiale  MBS 
Route  da  Vamauil  -  B.P.  98 
78133  LES  MOREAUX  CECCX 

FRANCE 

RESUME 


Le  alliau  dtudld  (par  sssaplo  1* Ionosphere  aux  altitudes  eievdea  qul  presents 
des  lrrdgularltds  laportantas)  est  dif ini  ds  aanlAre  statlstlque  par  la  valeur  aoyenna 
et  la  variance  de  la  denslte  dlectronique  at  la  dsnslte  spectrale  des  fluctuations 
ie  1' indice  da  propagation. 

Ces  donndes  paraettent  de  caracterlsar  notaaaent  la  phase  du  signal  .tiddrde 
coane  variable  aldatoire  A  la  traversde  du  alliau. 

La  distribution  spatlale  des  lrrdgularltds,  lldes  &  1‘actlon  du  cheap  nagndtique 
terrestre,  rendant  le  ailleu  forteaent  anlsotrope .  le  calcul  de  la  propagation  est 
difficile  A  effectuer  si  l'on  specific  siapleaent  un  profil  de  variation  de  la  densitd 
dlactronlque  noyenne  dans  celui-d.  La  technique  utlllde  et  exposde  dans  ce  papier 
consists  a  dlscrdtlaer  le  allleu  en  dcrans  de  phase  successlfs  de  falble  dpaisseur, 
sur  chacun  desquels  on  salt  calculer  une  solution. 

La  ndthode  de  resolution  sera  expllcltde. 

Les  rdvultats  prdsentds  porteront  sur  lss  calculs  de  l'anplitude  du  signal, 
de  sa  phase  et  du  taux  da  scintillation  de  celul-cl. 

1.  IffTRODUCTI  OH 

Le  allleu  ataosphdrlque  prdsente,  aux  altitudes  dlevdes  (plusleurs  centalnes  de 
■tiloaetres) ,  des  lrrdgularltds  de  densitd  dlactronlque  causdes  vralseablableaent  par 
les  lnstabllltds  du  plasaa  existent  dans  ces  regions.  L'action  des  chaaps 
dlectroaagndtlques  presents  provoque  sur  les  espAces  du  ailleu  des  separations  de 
charges  qul  gdndrent  ces  lrrdgularltds. 

Par  exeaple,  dans  les  couches  F  de  1' lonosphdre.  les  lnhoaogdndltds  sont 
observdes  sous  forae  de  bulles  allongdes  le  long  des  llgnes  de  force  du  chaap 
gdoaagndtlque  (latitudes  dquatorlales)  ou  de  feullles  d'axe  dgaleaent  align*  avec  le 
chaap  (latitudes  aurorales).  Les  lrrdgularltds  affectent  la  propegalton  des  ondes 
dlectroaagndtlques  qul  traversent  ces  zones  lonlsdes  erdant  notaaaent  des  effete  de 
scintillation. 

81  le  ailleu  prdsente  une  structure  a  falbles  fluctuations  de  densitd 
dlectronlque,  le  coaportenent  des  algnaux  peut  ttre  dtudld  par  des  adthodes  de 
perturbations  appllqudes  aux  equations  de  propagation  (adthodes  globales).  Dans  le  cas 
d'une  structure  a  fortes  fluctuations  (par  exeaple  perturbations  lonosphdriques  falsant 
suite  A  une  actlvltd  solalre  laportante)  et  A  1' exception  de  quelques  cas  partlcullers 
(cas  d'une  densitd  spectrale  de  1'lndlce  du  ailleu  da  forae  particulldre) .  11  n'exlste 

pas  de  solution  analytlque.  L'objet  de  cet  article  est  de  presenter  une  ndthode 
nuadrlque  de  resolution  s'appllquant  au  cas  general. 

Ce  noddle  de  propagation  sera  etabll  en  dlscrdtlsant  le  ailleu  par  la  technique 
des  dcrans  de  phases  successlfs  sur  chacun  desquels  on  salt  calculer  une  solution. 

Les  paraadtres  du  ailleu  (fluctuations  de  densitd  dlectronique.  structure  des 
Inhoaogeneitds. . . )  pernettront  de  caractdrlser  l'anplitude  et  la  phase  du  signal  qul 
sont  asslallds  lei  A  des  variables  aldatolros  dont  on  dtudlera  les  dlffdrents  aoaents 
atatlstlques. 

Coaae  exeaple  d'appllcatlon  des  rdsultats  obter.us,  une  coaparal son  lntdressante 
est  prdsente*  av*c  les  donndes  expdrlaentales  obtenue*  par  un*  station  sol  sltude  A 
Millstone  Hill  (USA)  recevant,  dans  les  bandes  UHF-VHF,  les  slgnaux  d'un  satellite  de 
poursuite  (progress**  expdrlaental  vlsant  A  dtudler  les  lnhoaogdndltds  lonosphdriques 
(amides  1971-1973)). 


2.  DESCRIPTION  DU  MILIEU. 

Le  ailleu  dtudld  contenant  les  lnhoaogdndltds  lonosphdriques  prdeddentes  peut 
dtre  ddflnl  de  aanldr*  statlstlque  A  partlr  de  la  connalssanc*  de  la  valeur  noyenne  <N(> 

et  de  la  variance  <AN«  >  de  la  densitd  dlectronique  alnsl  que  da  la  densitd  spectrale 

spatial*  de  ses  fluctuations  v, „  . 

4N* 
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Bn  c*  qui  concern*  y^  .des  travaux,  tjrpt  analyse  d*s  slgneux 

trinilonoipMrlqtNi.  ont  aontrft  qu'elle  d6p*nd*lt  prlnclpaleaent  da  deux  grandeur i 
caractftrlsant  1*  ft  11  leu,  6  savolr  i 


4  ■  2t/l  dftf lnlasant  X ‘ ftchell*  dee  Irrftgularltfta  du  el X leu  (1  etant  Xa  dlaenalon  da 
ces  Irrftgularltfta).  fit  fait,  on  ddfinit  deux  types  d'lnhoaogftnftltfts  dont  lea 
dimensions  et  distribution*  sent  difficile*  t  ddteralner.  Ilya  dea  tdchea  de 
petltea  dlaenalon*  1,  de  1‘ordre  du  kiloafttre  ft  une  ditelne  de  klloaetrea  et  dea 
tourbllluns  (noyaux  d#  aurdenalt#*)  do  plua  grande*  tall lea,  L,  .  pouvant  attelndre 
plualeura  dliaine* ,  voire  plualeurs  eentalnea  de  kiloafttres.  Ellea  s'allgnent  aur  Xe 
cheap  aagnfttlque  terreatre  et  peuvent  a*  dftvelopper  aur  de  veatea  tone*  coxae 
l'lndlqu*  le  achdaa  cl-aprfta  t 


C%  caractdrlsent  1 ' laportance  dea  turbulences  at  qui  Joue  un  role  de  constant*  de 
structure  du  xlllau.  Ells  depend  des  fluctuations  de  densltft  ftlectronlque  <OH,  >  et 
de  1‘ftchelle  extirleure  dea  irrftgularitfts  q.  <2*/L. ) .  Ce  paraafttre  peut  fttre 
aesurd  par  analyse  apectrale  aur  un  Intervene  lnfftrleur  ft  L, . 

Alnal  la  denaltd  spectral*  dea  fluctuations  de  densltft  ftlectronlque  y  peut 

fttre  exprlafte  ft  1'alde  de  q  at  C,  par  une  loi  en  puissance.  * 

L ' expo rant  v  Intervenant  dans  la  Xol  qui  eat  un  paraafttre  critique  du  aodftle  varie 
avec  1 '  lntensltft  da  Xa  turbulence.  II  dftcrolt  quand  la  turbulence  augaent*.  Dana  la 
plupart  dea  cas,  on  prend  v  >  1,5. 

tea  figures  cl-aprfta  donnent  pour  2  valeura  de  v  (v  «  1,25  -  1,5)  les 

fluctuations  de  densltft  ftlectronlque  ON})  en  fonctlon  de  C,  pour  different**  valeura  de 
xl'ftchell*  extftrleure  des  fluctuations  L,  Cll. 


2  1/2 

<AN  >  en  fonction  de  C  pour  diffirentes  valeura  de  l'ichelle 

e  s 


extirleure  des  fluctuations  q.  *  2 1J/L* 
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<ANa>^*  an  fonction  de  pour  diffdrentes  valeurs  de  l'dchelle  extdrieure 
des  fluctuations  0,  a  tlt/L, 


En  gftn*ral ,  Its  valeurs  d«  C,  sltu#ei  tutour  d<  10  correspondent  eux 

felblee  fluctuations  alors  qua  lea  valeurs  attelgnent  10  -  10  correspondent  auz 

fortes  fluctuations  (par  exeaple  une  structure  ft  fortes  fluctuations  dans  l'lonosphftre 

(C,  »  10** )  donne  dsa  fluctuations  <ANj  >A  de  l'ordre  de  10*1  ol/Ji  pour  un  L,  de 

l'ordre  du  klloafttre  (c ' est-ft-dire  <ANj >VV  <AN^>  de  l'ordre  de  10%  ft  300  klloafttres 
d' altitude). 

II  est  lntdressant  de  noter  qua  dans  les  2  caa  de  fluctuations  (falbles  et 
fortes)  pour  un  el lieu  hoaogftne  et  dans  le  cas  d'une  approche  global®  la  variance  de  la 
phase  du  signal  peut  a'expriaer  ft  1‘alde  des  paraafttres  du  allleu  C2J  c‘ est-ft-dire  i 

aj  ■  0,7817  C*  It*  L  L*/J  (1) 

oO 

C  est  la  constants  de  structure  lifte  ft 
n  1' Indies  du  nllieu 

L  est  l'ftpalsseur  du  nllieu 

k  est  le  noabre  d'ondes 

(AN$  >v* 

Pour  1*  exeaple  prftcftdent,  -  «  10%  o  -  5  rd 

<  Ne  >  9 

Alnsl  les  donnftes  nftcessaires  aux  calculs  relatlfs  aux  ftcrans  de  phase, 
prftsentSs  dans  la  suite  cet  article  sont  i 

f  t  frftquence  du  signal 

*0  i  dlaenslon  des  petltes  inhoaogenftitfts 

I>0  >  dlaenslon  des  grandes  lnhoaogftnftltes 

<  AN*  >  i  fluctuations  de  densitft  ftlectronlque 

v  t  exposant  de  la  loi  en  puissance  de  y 

Az  i  ftpalsseur  d'un  Scran  de  phase  r'"" 
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3.  mmxam  ”  ^  m 

qqHjq 


ten*  1*  cas  gandral ,  la  alllau  rmcontrt  ait  tlipanlf ,  anlaotrop*  at 
lnhoaogdn*.  La  technique  propoad*  consist*  a  ddcoupar  3a  ailiau  an  N  t ranch* a  hoaogdnea 
qui  pauvent  *tr%  successive*  ou  disjoint#*  tdcrans  da  rhaaa)  da  falblas  apaltaaurt  at. 
Laa  partes  pauvant  #tr*a  prlaaa  an  coapt*  da  facon  dtscrdte  d'un  dcran  au  auivant  alnal 
qua  l'anlsotropl*  dan a  l'eaprasslon  da  la  densltd  apactrala  da  1' Indie#  du  ailiau. 

Alnal  la  aoddl*  da  propagation  a  travara  l'ansaabla  du  alllau  aara  conatrult  a 
partlr  da  la  foraulation  dtablla  aur  un  dcran.  Pour  da*  raiaona  da  .lapllcltf  dan.  u  for- 
aulation,  la  aadtla  dlcrtt  daaa  eat  articla  aat  bidiaanaionnal , 

3.1  Foraulation  ralatlv*  a  1  dcran 

3.1.1  PrflWTItlnP  *  l'intirlaur  d’un 
aeran 

3. 1.1.1  EU»t,-tl  VdliMt  MTtnnt.au  SfaUB 

an  iqcHi  it  Ulcrin 


La  ealcul  da  la  phaaa  a  la  aortla  da  1' dcran  paut  a'affectuar  *  partlr  daa 
fluctuations  du  chaain  opt 1 qua  a  la  travarsd*  da  calul-cl. 

p  leant  la  distant*  traoavaraa  par  rapport  1  la  dlraction  t  da  propagation,  la 

phaaa  aat  ; 

dtp)  *  k  f  ntp.Ddi  (2) 

'0 


at  la  fluctuation  da  calie-el  eat  i 


Ad(p)  *  k  An(p,x)di  (3) 

J0 

An  eat  la  fluctuation  da  1 'Indies  du  ailiau  cauad*  par  laa  variation*  da  la 
dsnaltd  dlectronlqua  AN,.  An  aa  calcul*  de  la  fa;on  sulvante  i 

L' indice  du  ailiau  eat  donnd  par  la  relation  t 


n 


x 


w*  N  a* 

*  1  -  •  1  - 

ur  me.w1 

0 


(4) 


oO  up  eat  la  pulsation  plasna. 
II  an  rdaulte  i 


An  * 


AN,  el 
2ae0u* 


1 5 ) 


et 


A*  - 


eJk 

-  -  ANT(p)  •  -ir  AN_(p>  (6) 
2«t  «  1  c  1 


avec 


2,82  10  19a 


dHp  «  |  AMa(p,z)dx  eat  la  fluctuation 


totale  de  la  densltd  dlectronlqua  Intdgrde  la  long  de  la  traversda  da  1 'dcran. 

La  largaur  da  1' dcran  eat  toujour*  grande  par  rappor.t  *  la  longuaur  d'onda.  Lea 
Irrdgularltds  de  1 ' indice  engendrant  lea  variations  de  phase  pendant  la  traversda  de 
1 'dcran  eont  aultiploa.  II  an  rdaulte  qu'an  aortla  da  1 'dcran,  la  phase  eat  un#  variable 
aldatoire  gausslenne  centrde,  ce  qui  peraet  d'dcrire  i 


<e’^> 


(7) 
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LA  variance  d«  lA  ptoASA  «  AA  CAlCUlA  A  parttr  de  la  relation  prdcddante  I 

o*  -  k*r*  <0)  •  2«A«  x*rj  |  -^(K.OldK  IS) 

oft  R^fp)  #At  1a  function  d' autocorrelation  dAA  fluctuations  dA  dAnAltd  dlectronlque. 

La  valour  doyenne  du  signal  a  1a  Aorti#  dA  1‘derAn  dA  ptau  AAt  pAr  consequent  i 

<E(f,o)>  «  <E„  a‘1#,/>*>  •  E0  a  #</*  (») 

OAa  qua  1'dcArt  type  AAt  supdrleur  A  quel qua s  radians,  1a  signal  prdAAntA  un 
CArActtrA  dlffus. 

s. 1.1. 2  A»f.thAM  a.  i.  am 

La  CAleul  dA  1a  phase  A  1a  AortiA  d'un  dcran  AAt  baad  iur  Iaa  techniques  dA 

flltrage  UndAirA. 

On  considers  un  flltrA  UndAirA  dA  rdponAA  pAreuAAlonnAllA  R(x>  At  dA  gain 

0  (v), 

SI  1a  tlqnAl  A  ) 'entree  dA  ca  flltrA  AAt  X  lx),  1a  AlgnAl  An  sortlA  T  (»),  on  a 
1a  relation  dA  convolution  i 


Y(x) 

•  R(x>  a  X(x> 

(10) 

at 

Vy(v> 

•  |0(  v>  I1  yx(v) 

(11) 

Par  conadquAnt.  pour  synthitiser  un  slqnAl  AldAtolrA  dA  densitd  spectrale 
donndA,  solt  3<m) .  il  aufflt  dA  prendre  pour  slqnAl  d'entrde  un  signal  da  dansltA 
spectrale  unit#  at  da  la  convoluar  a vac  un  signal  R(x>  tal  qua  at  transforaAa  da  Fourlar 
(la  gain  du  f litre)  G(v)  solt  donnda  par  la  ralatlon  > 

|G(m)|  -  CS(v)3l/*  (12) 

Pratlqueaent,  on  dlsposa  d'un  gdndrateur  aldatolre  dont  las  dchantlllons  sont 
ddcorrdlds  at  la  dansltd  spactrala  ast  dgala  A  1. 

S(m)  ast  donnd  par  une  foraule  analytique. 

La  rdponse  percusslonnalle  du  Ultra  ast  la  transforaAa  da  Fourlar  lnvarse  da 

r.S  (v)3 


La  phase  du  signal  est  obtenue  en  effectuant  le  prodult  de  convolution  du  signal 
A  l'entrde  du  flltre  par  la  rdponsa  percusslonnalls  de  celul-cl 


3. 1.1.3  Bandits. iBtttali  dmUim 

La  dansltd  spactrala  de  la  phase  s'exprlae  en  fonctlon  da  la  densitd  spectrale 
de  la  fluctuation  de  densitd  dlectronlque  sachant  la  relation  (6)  ou  de  celle  de 
l'lndlce  du  Allleu  avec  les  Aquations  (S)  et  (6).  Css  trots  fonctions  sont  ldentlques  A 
un  facteur  prds. 

Deux  alternatives  sont  hahltuelleacnt  retenues  pour  le  cholx  de  cette  fonctlon  i 

-  Densitd  spectrale  de  type  Kolaogorov  qul  peraet  de  prendre  an  coapte  les 

paraadtres  t  et  L  . 

o  o 

Cette  fonctlon  a  dtd  approxlade  par  Shkarofsky  C33  A  l'aldw  de  fonctions  K 
d'ordre  fractlonnalre.  Le  calcul  de  la  transforade  da  Fourier  de  celle-cl  (fonctlon 
d'autocorrdlatlon  de  la  phase)  a  dgaleaent  dtd  effsctud. 

Ce  prealer  cos  sa  prate  alaux  A  une  slaulatlon  nuadnque  qu'A  des 
ddveloppaaents  analytlques. 


Densitd  spactrala  approxlade  par  une  fonctlon  puissance 


SI  1  ‘ on  dcrlt  •y^so-js  la  foraa. 


Vg<q>  • 


C 


s 


♦  q1)'"1 


(13) 


*«C  ^ 


(14) 
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a  • 


Ui  calcula  analytlquea  aont  plus  faciles  *  condulre  dan*  ce  cue  C43. 

Cat  chol*  ne  tent  et pendant  paa  equivalents  ala  1  via  daa  fluctuations  da  phase 
anfendrdea.  La  fait  da  prendre  an  coapte  la  dtamnslon  t,  a  pour  affat  da  superposer  daa 
variations  trda  repldes  t haute t  frequences)  aux  variations  lnltlalea.  Le  rdsultat  n'eet 
paa  Idantlque  al  ran  cslcule  par  eseaple  la  valaur  da  la  fonctlen  da  structure  a  la 
aertla  du  el lieu. 


3. 1.1. 4  cantfdintM  hlntlttudmtt 

Lhcatur  da.. la  fandtra  ii- observation  aeatlala 


Quel  qua  aolt  la  >od41e  ratanu  pour  la  danaltd  eoectrale  du  allleu,  lea 
fonctlona  corraapondantaa  contlannant  daa  taraaa  an  q;  *  q* .  Pour  qua  cea  fonctions 
aolant  approxlades  aver  suffltaaaent  da  precision,  11  faut  qua  q  sol*-  faible  devant  l/L, 

L'slgorlthae  utlliaa  eat  un  algorithms  da  FTT.  La  contralnte  corraapor.danta 

aat  i 


Lf  »  L0 

oO  L|  eat  la  largeur  da  la  fandtra.  II  an  rdaulte  qua  Ii  eat  dqaleaent  grand  devant  la 
largeur  d‘ autocorrelation  de  la  phase.  1 

CuLiaUri  aur  1'dcrin  dt  jefaaaa 


Pour  un  processus  aldatolre  gauaslen,  la  danaltd  daa  passages  par  tdro  aat  i 

1 

A«  *  - 


R4(0) 


Hj(P) 


(15) 


La  veleur  aoyenne  du  noafere  da  passages  par  adro  eat  i 


<no  > 


2v 


V0) 


0) 


(16) 


environ 


Pour  un  processus  t  valeur  aoyenne  nulla,  le  nostro  de  tours  de  phase  eat 


(rtf  >  ■ 


<n. 


—  -  rj  .  — L  -a. 

a  «  Be*  ♦ 


(0) 


(17) 


Eyf  Pit  >  Danaltd  epectrale  de  forae  gaussienne. 


La  fonctlon  d‘ autocorrelation  est  dgslsaent  de  forae  gausslenne,  solt  i 


iyf> 


(18) 


On  en  dddult 


(  -  2  R4(0>  )l/* 


*  2  V  Lo 


<  n„  >  » 


Lf  c» 


(.19) 


B»  prenaut  par  eseaple  4  points  par  pdrlode  et  tenant  coapta  de  la  relation 
Stablis  au  paragraph#  precedent,  le  noafera  de  points  N  de  discretisation  dolt  respecter 
la  condition  i 


Jd-7 

h  dwtiliMM  m  dcnaitd  da  tjf*  XolM|trw.  1*  noabre  Ac  H»MfM  ptr  adro  da 
1*  |k*M  lit  sanaiblaMnt  plus  grand. 

s.1.2  *rngir»»,~»  m  mutt  d,u"  tem 


Ot  eat  lit  dtudld  pour  la  prop* potion  *ntr*  daua  dcran*  auccaasifs  disjoints  at 
la  propafotlon  an  aapaca  libra  (diffraction) . 

3. 1.2.1  Coleul  da  la  diffraction 

La  champ  an  icrti*  d'un  dcran  da  phaaa  a'derlt  aoua  la  fora#  ■ 

S  lf,0>  •  C0  a'3*^*  (20) 

Lai  part**  aont  auppoadaa  null**,  Dana  la  eaa  contralra,  11  y  auralt  llau  da 
raaplacar  la  constnnte  C,  par  una  fonctlon  E%  ( f ,A«) . 

La  calcul  du  chase)  A  la  aorti*  d’un  tal  dcran  da  phaaa  pout  a'affactuar  an 
utlllaant  1‘ Integra la  doKlrchhnff  dtabli*  dana  1*  eaa  da  la  diffraction  da  Praanal 
( approximation  daa  patlta  angles). 

Catta  Integral*  a  pour  espreaalon  i 

Elf.*)  -  a3**  jfe  Jdf  •ikf'2ME^~r,0)  (21) 


las  aianilatlona  affactudaa  aur  ordlnataur  pour  la  calcul  da  catta  Integral*  aontrenc  quo 
la  convergence  das  rdsultats  aat  tr*a  lanta  at  qu'll  faut  alauz  opdrar  una 
transformation  do  Fourier  apatlalc  du  chaap  A  la  sortla  da  l'dcran  da  phase,  la  nouvelle 
Integral*  A  calcular  aat  dans  c*  eaa  t 


Elf 


.a)  *  a 


jka 


fo 

E(K.O) 


*  *r„ 


(22) 


a 

oO  B  (K.O)  aat  la  transform**  da  Fourier  apatlala  du  champ  A  la  sortie  da  1‘dcran. 

L‘  algorithm  corraspondant  a  dtd  valid*  an  suppoaant  una  distribution  do  phaaa 
gauaalenne  an  sortie  do  1‘dcran  at  an  calculant  la  chaap  dlffuad  an  dlffdrants  plana 
transvaraaa  succeaalfs.  C*  caa  dqulvalant  A  una  lentlll*  convergent*  a  Atd  dtudld 
prdcddaaaant  CS3  at  C63. 


I*  problAaa  conalate  par  consdquont  A  calcular  la  phase  an  sortie  da  1' dcran 
(cf.  A  3. 1.1.1). 


3. 1.2. 2  Corctlatlaa  iljnal 

La  fonctlon  d’outocorrdlatlon  du  signal, 

ria.  p|(  Pt )  -  <  Els,  Pj  >  E*  la,  px>  > 

too  a  ,  p,  reprdsentent  las  dcarta  antra  2  points  c our ant a  at  1'axa  du  falsceau  incident 
dans  un  plan  perpandlculalrc  A  cat  axe.) 

pout  dtra  dvaluda  da  plualeurs  aanldraa,  par  azaapla  A  partlr  da  1' Aquation  da 
propagation  dans  la  Milieu. 

3a  valour  aat  i 


r  ip) 


-i/lD^ti.p) 


(23) 

t 


avac  P  *  Pj  -  p, 

0*1  p>  aat  la  fonctlon  do  structure  da  la  phase.  Catta  fonctlon  aat  ddflnle  par  la 
relation  t 


Dg(B>  ■  <l#lp+0)  -  Alp)  >S  (24) 

•  2  CRt(0>  -  R4(A)3  (25) 

oO  R^(0>  eat  la  fw-itlon  d‘ autocorrelation  da  la  phase. 

La  fonctlon  tu  Joue  un  rdla  laportant  dan*  lea  calculi  qul  peuvant  dtra 
effectuds.  Ella  paraat  la  calcul  das  Momnta  atatlatlquas  du  signal. 


Son  evaluation  n*  poaa  pas  da  problem  nuadrlqua. 


On  an  dAiult  MtHMnt  1*  rayon  A ' autocorrelation  du  alynal.  On  pout  AAf inlr 
ealul-el  eoana  la  dlafeanca  A  partlr  Aa  laqualla  l'affalbllaaamarit  at t  Aqal  *  a'4. 

•1  A*  att  eatta  dlatanca,  on  aura  alaplamant  i 

04  (t,  «4)  «  a 

Cotta  fonetlon  pout  par  alliaurs  Ctra  major##  il  1  'on  conns it  la  valsur  Aa  la 
'fonetlon  d 'autocorrelation  an  0  aaehant  qua  pour  un  proctaaua  A  banAa  limits#  tal  qua 
y4<*>  aolt  nul  pour  |X|  >  A,  on  a  la  ralatlon  > 

D4tp)  1  A*p  R  (0;  (2A> 

La  eonacanta  A  a’obtlant  A  partlr  da  la  AanaltA  apaetrala  Aa  la  pfeaaa. 


3. 1.2. 3 


La  taux  Aa  scintillation  aat  dtflnl  par  la  ralatlon  i 


<  I*  >  -  <  1  >* 


La  varlanca  Aa  1‘lntanaltA  du  aiqnal  a'obtlant  an  lntAqran'-.  la  dansitA  apaetrala 
do  calul-cl  dont  la  valaur  aat  t 


il  <K4.> 


7“ 7  (|  a*P  Kj.  — )J  a«P  .  A,)  d*r 


o<ni.n,i  *  n^ir^)  +  d4  <nm >  -  n*  cn4  ♦  n,)  -  1/2  *yn,  -  n,) 

<291 

Connalaaant  la  valour  da  la  fonetlon  da  structura  an  un  point  donnA,  laa  ralcula 
da  yz(Kj.>  at  par  aulta  ealul  da  a'affactuant  aana  difficult#*. 


Comma  11  aat  IndlquA  aux  paragraph#*  2  at  3 .  laa  distributions  das 
InhoaogAnAltA*  conduisant  A  conaldArar  plujlaura  Ac ran*  disjoint*  ou  non. 

Pour  arfactuar  la  calcul  das  caractAriatlquai  du  aiqnal  aprA*  travarsda  coapltta 
du  milieu,  laa  Atapaa  succaaalvaa  dolvant  Atra  affactudaa  coana  1 ' lndlgua  la  diay*ame 
aulvant  i 


Xi,(x>  at  Yji  lx)  raprAaantant  laa  signs ux  A  1'antrAa  at  A  la  aortla  da  1‘Acran  1 
da  gain  Gt  <\>). 


t  iTfif  Jf  i  imcm'b  rf  I'vimm  I  i 


Las  cacula  suivanta  tont  effactuAs  A  chaguc  Atapa  > 

A valuation  da  la  phasa 

tranaforsAa  da  Fourier  du  champ  (amplitude  at  phaaal  an  aortla  da  cheque  Acran 
calcul  da  la  diffraction  (Acrana  disjoints) 


‘  ■■ 


fit  eoiwtMACi  du  tkuf  on  oortlo  du  dtnlit  Ocran  rtnwt  Mint  du  champ 
dlffr*ctd  mi  un  point  quolconquo  to  1'oapaco  llhro. 


Mruitrn 


Tjt  oonnolooanco  do  it  phtoo  on  eo  point  porwt  tone  t'Moiuor  loo  dlfflronti 
oa  du  oipnol  (corrOiotlon  apatlala,  toua  4o  telntlllotlon  ate. . . k 


boa  portoa  du  ail lay  pouvont  Otro  priaoo  an  eonpto  do  facon  dlacrOta  an 
t  l ‘oaplltudo  4u  eh  op  on  oortlo  d'Oeran.  al  1 'on  connatt  la  lot  da  repartition 

i  du  ehaap 


aodlf lant  i’oaplltudo  du  ebr  ia  on  oortlo  d' Scran,  al  1  'on  connatt  la  lo: 
do  l'Onorvlo  nutour  4o  1'an  do  propuyotion.  II  on  rOaulto  uno  aodtflcatlon 


do  l'Onorvlo  nutour  do  rut 
dlffrocfcO  on  oapoeo  libra. 


In  folt  loa  lnhooovOnOltOa  du  nlllau  na  tent  an  odnOrol  pas  itatlomalrai.  La 
atrueturo  du  aillau  varlo  a vac  lo  taapo.  L'olforltteo  dOvoloppO  poroat  d'Ovoluar  la 
correlation  taaporalla  du  al«nal  out  aa  dddult  do  lo  corrOiotlon  opotlalo  oi  on  connatt 

lo  vltooao  do  ddploconont  doo  lrrdfularltSa. 


rlonco  Nlllotono  Kill) 


•  **  ■*  "  'O  -*  wi' 


Lo  nlllau  OtudlO  correspond  4  1‘lonosphSra  aux  altltudaa  dlavOas  <100  kn.  sons 
daa  InhoawvOnOltOo) . 

Las  donnooa  aent  las  aulvnntaa  i 

Opaloaour  da  lo  aono  daa  lnhoaoydnOltOs  i  SO  kn 
tall  la  daa  turbulancoa  prlaaa  an  coopts  ,  i  lot 
frdvuanca  du  atonal  ISO  10k 


<K#>  »  lo  at/a  i 


"  0,1  <**a  * 


La  donaltd  apactrala  da  1‘ Indies  du  aillou  oat  da  fora a  vauaalanno. 


Dau*  calcula  analyttquaa  pauvant  Otro  affoctuOa  i 

approcht  vlobala  (foraulo  (1>  du  paravrapha  2) 

La  rOaultat  ast  *4.9  radians. 

approcht  par  la  thOorla  daa  Ocrar.s  dOvaloapda  dana  cat  artlcla 
pour  una  propagation  noraala  au  chaap  aavnotlqua  (un  aaul  Scran). 


On  obtlont  i 


*  ni  (r^)*  L^  Oi  <dH*> 
•  5.3  radians 


La  figure  1  nontra  la  variation  da  la  phast  du  alvnal  dana  la  plan  tranvarao  4 
la  dlractlon  da  propagation. 

L’Scart  type  racalculO  sat  Sval  4  5,4  radlana.  La  fonctlon  tla  atructura  qul  a'an 
dSdult  sat  raprSaantSa  aur  la  flqura  2. 


L' experience  effeetude  I  MUiUm  Kill  ■  aontrd  m  l'Ntrt  tfft  de  U  phase 
a««it  m  eelsur  trds  pmh*  <«  cellr  eel  cults  an  sortie  de  I'd^ran. 

Ca  Mwltet  w  ret roues  analrtleusaent  (hnstMH  lee  faihles  fluctuations). 
Sene  ret  Minis  la  scintillation  assures  eat  eoiaine  ae  1.2. 

Lea  iliulUti  correencndtnts  tbtamu  per  la  technique  lea  Scrstis  la  phase  sont 
presentee  aur  lee  flpures  )  t  I  II  aetolr  1‘eaplitude.  i»  phase  at  la  fonetlon  de 
structure  de  la  phase).  L'teart  type  de  la  phase  est  apeleeent  trie  proche  de  la  ealeur 
ohtenue  an  sortie  de  1  ‘ Scran  et  la  scintillation  est  eoiaine  de  l‘\*iltd. 


ricu«t  s 

rpnct’oM  de  itrueisrt  dead  1*  tUt  d'ohismtldt 


s. 


CONCLUSION 


La  technique  d#velopp#e  peraet  la  calcul  des  caract#rlstiques  d'un  signal  aprts 
propagation  t  1'lntdrlaur  d'un  aillau  aldatolra  pula  an  aapaca  libra.  Ella  tlant  eoapta 
par  consequent  daa  deux  aapacts  i  dlffuaion  t  1’lntdrlaur  du  aillau  puls  diffraction. 

Cartalns  racoupaaant u  ont  dtd  affaetuda  avec  daa  rdaultata  du  aaaura  publlda 
dans  la  llttdratura.  Las  ordras  da  grandaur  obtanus  sont  coaparablaa. 

L'lntdrdt  d'une  talla  adthoda  aat  double  i 

alia  per sot  notaament  da  prendre  an  eoapta  la  caractdre  lnhoaogdna  at  anlaotrope 
du  aillau.  Celul-cl  eat  dans  ce  caa  ddcoupd  an  tranchas  hoaogdnaa  at  la  technique 
lndlquda  s' applique  succesalveaent  S  chacune  d'ellea. 

alia  paraet  la  calcul  daa  aoaents  du  signal  diffract#  an  tout  point  da  l'eapace. 
Ceux-cl  sont  dlfflclleaent  accesalblea  anal7tlquaaa.it,  notaaaant  dans  la  can  das  fortes 
fluctuations. 
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Tha  squlvalanc*  between  continuous  and  dtacrata  acattarlng  no  da ling  haa  baan  axamlnad  at  two 
atitlatlcal  levels t  (1)  tha  dlract  lntaraction/laddar  approxlaatlon  (continuous)  -  Tvereky  approach 
(discrete);  (2)  tha  first  ordar  smoothing  approximation  (continuous*  dlscrate).  Full  first  and  sacond 
ordar  aoaant  aqulvalanca  has  baan  established  only  at  tha  laval  of  tha  first  ordar  smoothing  (or  bilocal) 
approximation  and*  avan  than,  for  soft  scattarars  with  week  transition  operators. 


i.  nmooocTotY  bbmaxxs 

Tha  discussion  in  tha  saquel  will  be  restricted  to  scalar  transvaraa  electromagnetic  or  longitudinal 
acoustic  cw  propagation  phenomena  in  a  randoa  channel;  they  are  governed  by  tha  stochastic  Halmholts 
aquations 

V*u(?;a)  +  k2*r(r;a)u(r;a)  -  0,  (1) 

V2 u(r; a)  +  k2(l  -  I  V’)u(r;o)  -  0  (2) 

far  tha  contlnuoua  and  tha  dlacrata  caaa,  respectively.  Here,  u(r;a)  denotea  the  randoa  wave  field,  k  la 
a  reference  wavanuabar  and  a  e  A,  (A,F,P)  being  an  underlying  probability  meaaure  apace.  The  quantity 
cr(rjo)  in  Eq.(l)  la  tha  atochastlc  relative  permittivity  and  the  'operator'  V!  in  Gq.(2)  repreaantn  the 
effect  of  the  1th  acatterer. 

Various  techniques  (widely  diverging  for  the  aoat  part)  have  been  developed  for  the  atudy  of 
contlnuoua  and  discrete  scattering.  Since  tha  contlnuoua  scattering  problem  la  at  present  sore  fully 
developed  (a.g.,  with  respect  to  computation  of  higher  order  moments),  tha  question  arises  whether 
techniques  partlnent  -o  the  continuous  acattarlng  problem  can  be  tranefered  to  the  discrete  one; 
alternatively,  whether  a  atudy  la  feasible  of  discrete  random  scattering  by  means  of  continuous  medium 
modeling.  An  answer  to  this  question  would  be  Important  In  connection  to  remote  sensing  applications 
[Tseng  at  al. ,  1985;  Yang,  1987). 


2.  BASIC  OBSBCTAXIMS 

In  principle,  scattering  of  waves  from  a  random  distribution  of  correlated  discrete  scatterers  can 
be  studied  by  maana  of  a  continuous  medium  modal  provided  that  tha  full  probabilistic  structure  of  the 

'effective'  permittivity  "operator'  *r(f;a>  »  1  -  SVJ  is  constructed  from  the  specified  distribution  of 

discrete  scatterers  [Stratonovlch,  1981;  Barabanenkov,  1976] .  Such  a  procedure  haa  been  used  recently  to 
examine  the  propagation  of  waves  through  Folsson-dlstrlhuted  aerosols  [Barabanenkov  and  Osrln,  1976; 
Svlrkunov,  1977;  Krutikov,  1980;  Lukin,  1981). 

Except  for  a  few  special  cases,  the  study  of  continuous  scattering  Is  haued  on  perturbative 
techniques  (e.g.,  on  tha  saallnasg  of  tha  fluctuating  part  of  cr(r;a)]>  When  such  techniques  are 

transported  uncritically  to  the  discrete  case,  they  may  lead  to  significant  errors  since  they  presuppose 
a  smallness  In  the  potential  operators  V£  (soft  scattarars),  while  In  an  actual  physical  situation  the 

amallnesa  lies  elsewhere,  a.g.,  In  tha  transition  operator  of  the  1th  acatterer. 

In  realistic  physical  situations,  an  aqulvalanca  between  continuous  and  discrete  scattering  models 
can  be  studied  effectively  only  on  the  basis  of  the  first  snd  sacond  moments.  Whether  such  an 
equivalents  exists  or  not  dapenda  on  the  actual  physical  parameters  which,  In  turn,  dictate  the  level  of 
etatlstlcal  analysis  and  the  choice  of  particular  statistical  methods. 

Wa  have  studied  tha  feasibility  of  such  an  equivalence  at  two  statistical  levels!  (1)  the  direct 
Interaction/ladder  approximation  (continuous)  -  Twarsky  approach  (dlscrata);  (2)  the  first  order 
smoothing  approximation  (continuous,  discrete). 

Our  main  conclusion  la  that  although  a  first  ordar  moment  equivalence  lo  feasible  at  tha  direct 
Interaction  -  Twarsky  level,  albeit  for  soft  scatterers,  full  first  and  sacond  ordar  moment  equivalence 
la  possible,  In  general,  only  at  tha  level  of  the  first  order  smoothing  approximation  and,  avan  then,  for 
scattarars  which  are  soft  and  are  characterised  by  weak  transition  oparators. 


3.  C0MTU0008  MEDIUM  MODAL IMG  OF  DISCUTI  SCATTUIME  fOTHIg  THE  FKJMWMX  OF  THI  D1UCT 

unucTioM/LABon  AmnmmoM 

It  Is  well  knorn  that  tha  first  order  smoothing  approximation,  when  applied  to  dlscrate  scattering 
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probleaa,  falls  to  yield  correct  results  regarding  tho  duploi  of  cohoroot  weva* >  Correct  remit!  along 
thoaa  llnaa  are  obtainad  on  tha  baala  of  eha  Foldy-Lax-Twersky  formalism.  Thla  forealln,  especially  the 
Twersky  approach,  baa  boan  formally  shown  to  correspond,  at  laaat  at  tha  laval  of  tha  flrat  moment  and 
for  wit  aeattarara,  to  kralchnan's  direct  Interaction  approrlaatlon  for  contlnuo'  4  aadla  charactartaad 
by  atrong  a tat lat leal. fluctuation*  or  long  rang*  correlation*.  It  1*  our  apaclfli  Intent  In  thla  auction 
to  diacuaa  thla  correapondene*  In  tha  tint  order  coharanc*  function*  and  to  point  out  a  dlattnct 
dlaaiallarity  that  axlat*  In  the  aacond  order  coharanc*  function*  whan  tha  latter  ire  derived  by  the 
ladder  approrlaatlon  for  tha  continuous  caa*  and  the  Twersky  approach  for  tha  diet  tern  on*. 


flrat  and  Second  Order  Coharanc*  Function*  for  Scalar  Ware*  In  a  Rendon  Contlnuua 
The  relative  paralttlvity  *r(J;a)  entering  Into  Bq.(l)  la  decoaposed  Into  a  deteralnlattc  (or 
regular)  refraction  part  and  a  atatiatlcally  varying  torn;  apactf lcilly, 

^(rja)  -  ct(,<f)  +  crf(fia).  (3) 

Tha  fluctuating  part  la  aaauaad  to  be  a  taro-aaan  Cauaeian  procast.  with  autocorrelation  function 

<crf^2’o)*rf^lia)>  "  ®<*2'*1)*  (*) 

Tha  Dyson  aquation  for  tha  flrat  aoaant  <u(7; a)>  can  bedsr.lvad  [Baalarla  and  Kohler,  1361]  using 
the  Donskar-Furutau-Novlkov  foraula  together  with  tha  ladder  approximation: 

(V2  +  k2ttd(f)]<u(?ia» 

-  /  ,  d?’k4<G(r,?’;a)>B(r,r’)<u(r’;o)>;  (3a) 

K 

[V2  +  k2crd(?)]<C(r, ?';<■)>  -  d(r-f') 

+  /  ,  d?’k4<C(J,f-;o)>B(J,?')<C(?",?'io)>.  (5b) 

The  quantity  <G(r,r';a)>  Is  tha  anaaabl*  average  of  the  stochaatlc  Green’*  function  associated  with  the 
Halnholtx  aquation  (1).  In  tha  fraaawork  described  above  [known  aa  the  Kralchnan  direct  Interaction 
approximation  (Frisch,  1968)],  Eq.(5b)  is  a  nonlinear  lntagrodlfferentlal  eipraaaion  for  tCe  mean  Grean'a 
function.  If,  on  the  other  hand,  tha  maaa  operator  In  tha  kernel  of  Bq.(5b)  la  computed  on  the  baala  of 
the  aolutlon  to  the  unperturbed  problem 

(V2  +  k2crd(r)]C0(f.r’)  -  d(r-r'),  (6) 

Eq.(5b)  reduces  to  a  linear  equation  for  <G(?,?' ; o)>,  at  a  level  of  an  approximation  known  aa  Ih*  flrat 
order  smoothing  [see  Keller,  1964;  Frisch,  1968]. 

The  ladder  approximation  can  be  used  to  derive  the  Bethe-Salpetar  equation  for  the  mutual  coherence 
function  r<fj ; ?^)  "  <u*(r2;o)u(r2;a)>  [Baalarla  and  Kohler,  1981]: 

KvJ-v2)  +  k1trd(?l)  -  k2,td(?2)1r(f1.fJ) 

-  /  J  d?'[-k4B(fj,?’)  +  k4B(f1,f’)J<G*(?z,r’jo)>r(fl,r’) 

+  /  , 3  dr'[-k4B(?2,r')  +  k4B(r1,r’)]<G(r1,r'; e)>r(?’ ,?2).  (7) 

It  should  be  noted  that  the  aacond  moment  la  coupled  functionally  to  the  first  one  via  the  mean  Green's 
function  and  Its  complex  conjugate* 


First  and  Second  Order  Coherence  Functions  for  Scalar  Waves  in  a  Random  Distribution  of  Falr- 
Correlatsd  Discrete  Scattersr* 

The  derivation  of  tha  Dyaon  equation  for  tha  mean  field  <u(fja)>  and  the  Bethe-Salpater  equation  for 
the  mutual  coherence  function  r (fj.fj)  associated  with  tha  discrete  scattering  problem  [cf.  Eq.(2))  1* 

baaed  on  thr  fweraky  [1964]  procedure.  The  basic  underlying  assumptions  are  the  following:  (1)  third 
order  scattering  hy  two  scattarsrs,  fourth  order  scattering  by  three  scattsrers,  etc.,  la  Ignored 
(easantlally  tb*  Tversky  assumption);  (2)  all  aeattarara  have  th*  asm*  shape,  sis*  and  orientation 
distributions;  (3)  only  pair  correlations  are  considered;  all  contributions  from  higher  order 
correlations  are  neglected;  (4)  ths  number  N  of  scattsrers  in  a  volume  Is  Infinite;  (3)  th*  scattering 
channel  la  tenuous,  1.*.,  tha  distance  between  two  scattarsrs  is  much  greater  than  a  reference 

wavelength;  (6)  th*  Kayltlgh-Deby*  condition  holds,  vis-,  t*rJ(r)  -  l]kD1  «  1,  where  Dx  Is  a  typical 

dimension  of  the  ith  scattersr,  *rl(r)  1*  th*  relative  permittivity  of  th*  1th  scatterer  (assumed  to  be 

surrounded  by  fra*  space),  and  k  is  a  reference  wavenumber;  (7)  anisotropic  scattering  effect*  are 
Ignored . 
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Under  the  aforementioned  conditions,  tha  Dyeon  aquation  areuaae  the  following  fora  [Teolakle  et  al. , 
1983] : 

[V2  +  k2  +  4»f(k)p(l)]<u(r;«)> 

-  -4tf(k)/  ,  dr’«C(J,r ')»l(t,f ')<u(?' jo)>j  (da) 

I 

[V2  +  k2  +  A»f(k)p(f)]«G(t,r')»“  -4*f(k)4 (?-£') 

-4»f(k)/  ,  dr“«G(r,J">»B(r,Jl)«8(r“,?' )».  (8b) 

R 

Hare,  «•»  danotae  configurations!  averaging  (over  alee,  ehapa  and  orientation  distributions),  p(r)  la 
the  particle  denalty  function,  8(rj,f^)  la  tha  pair  correlation  function  and  f(k)  la  a  ccnflguratlonally 
averaged  acattarlng  coefficient. 

At  tha  lane  order  of  approxlnatlon,  tha  Batha-Salpeter  aquation  for  tha  eecond  aoaant  can  be  written 
down  ee  followa  [Teolakle  et  al. ,  1983]: 

[(V2  -  V2)  +  4af(k)p(?1)  -  4*f*(k)p(?2)]r(?1,?2) 

-  -4.[f(k)p(f1)«G*(?2,?1)»r(rl,rl) 

-  f(k)p(f2)«G(r1,r2)»r(?2,?2)] 

-  4w/^3  dJ’I^k)!^,?')  -  f*(k)B(?’,#2)] 

a  [«G(?1,?')»r('\r2)  +  «G*(?j,?')»r(#l,l')].  (9) 


*n  Xaportant  Reaark 

Tha  functional  fora  of  the  Dyeon  equation  (8)  la  analogoua  to  that  derived  earlier  [cf.  Bq.(5)]  for 
acalar  wave  propagation  In  a  contlnuoue  nedlua  with  fluctuations  In  the  permittivity  which  are 
dlatrlbutad  according  to  a  noraal  law  and  with  a  dataralnlatlc  profile  directly  linked  to  the  nuaber  of 
acattarara  oar  unit  voluae.  It  la  clear  In  this  caaa  that  an  equivalence  between  continuous  and  discrete 
scattering  nodellng  can  be  achieved. 

No  counterpart  to  tha  first  (collapsed)  tarn  on  the  right-hand  aide  of  the  Bethe-Salpeter  equation 
(9)  exists  In  tha  analogous  equation  [cf.  Eq.(7)]  for  the  raudon  contlnuoue  case.  This  severe 
dlaslailarlty  precludes  the  possibility  for  a  sscond  aoaant  equivalence  between  discrete  end  contlnuoue 
scattering  nodellng  at  the  level  of  the  ladder/Tversky  approxlnatlon. 


4.  CMIUOOOS  MKDIUM  MODEL  UK  Of  DISCS!?!  SCAXTBBIK  WlTdlR  TBB  FRAMNORK  OF  THE  FUST  ORDER  SMOOTHING 
APnaCIHATIOM 


We  shall  show  In  thla  sactlon  that  a  coaplets  first  and  sixond  aoaant  equivalence  between  continuous 
and  discrete  scattering  can  be  established  at  the  level  of  the  first  order  saoothlng  approxlnatlon, 
albeit  under  vary  stringent  asauaptlone.  Toward  this  goal,  we  shall  follow  a  procedure  outlined  by 
Keller  [1964]. 


The  Pyaon  and  gethe-Selpeter  Equations  for  a  Randoa  Contlnuoue  Hedlua 
We  consider  the  following  generalliatlon  of  the  atochaatlc  equation  (1): 

N(o;t)„(r;a;t)  -  0.  (10) 

The  quantities  a  end  c  entering  into  the  operator  M  are  reeoectlvely  the  realisation  Index  defined 
earlier  end  a  saall  diaenalonloas  paraaeter. 

The  operator  M  ia  expanded  next  it.  powers  of  a  as  follows: 

M(«je)  -  L  +  cL^o)  +  t2l2(o)  +  0(t3).  (11) 

L  le  the  dataralnlatlc  part  of  M  and  Lj,  L2  are  statistically  fluctuating  oparatora.  In  this  sense,  the 
pataaeter  c  le  a  aaaaure  of  the  atrength  of  the  randoa  fluctuations  of  the  aadiua. 

Within  tha  fraaawotk  of  the  first  order  saoothlng  approxlnatlon,  the  coherent  field  <u(r;q;c)> 
aatleflea  tue  Dyson  equation 

{L  +  *<Lt>  +  *2[<Ll>L’l<L1>  -  <LlL"1Ia1>  +  <L2>J>  <u>  -  0  +  CCi3),  (12) 

irtiere  L  *  d«noC«i  the  Invars*  of  the  background  operator  Le  Similarly,  the  second  order  coherence 
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function  rtJj.fji*)  *  <u»(f1;a!c)u(tj|0(c)>  obeys  tho  Bethe-Balpeter  equation 

<u*u>  -  <u*Xu>  +  ei{<l'1LlL*'1t.{>  -  L~l<L1>L*"l<I.{>}  <u*u>  -  0  +  0(t3).  (13) 

In  till*  expression,  tho  conjugated  qunntltloo  should  bo  coaoldorod  so  functions  of  and  tho 
unconjugated  onss  os  functions  of  . 


3u  Dyson  and  dsths-Sslostsr  Equations  for  Dlocrsts  Scattering 
Equation  (2)  la  rewritten  slighly  as  follomt 

Lu  -  S  f’u  -  Oi  (U>) 

1-1  1 

L  •  T2  +  k2;  -  k2V’.  (14b) 

A  transition  opsrator  la  also  dsfinad  In  tans  of  chs  fisld  u*  lncldsnt  on  tho  ith  acattsrsr: 

T'u1  -  ?jui  (15a) 

u1  -  u  -  L'^Ju.  (15b) 


Con* id# r  first  the  situation  where  the  transition  operator  la  "avail"  in  the  fol loving  sense; 


TJ  *  «  V 

Eq. (14)  assumes  than  tho  forn 


H-tl  T  +  e2  I  T.L*^T.  +  0(c3)]u(r; a;c)  -  0. 

1-1  1  1-1  1  x 

By  «»q>arlson  with  Eq.(ll),  tho  following  associations  can  bo  nods: 


N 

L.  -  -  I  T,  , 
1  i-l  1 


H  .i 

I  T.L  lT.. 
1-1  1  * 


(16) 


(17) 


(18) 


Whan  all  tho  transition  operators  havs  tha  sons  naan  and  under  the  assunptlon  that  <T1L~1Tj>  Is 

lndspsndsne  of  1  and  J  whan  1  a  j  and  indspsndsnt  of  1  whan  1  -  j,  tho  appllcsLlon  of  tho  first  order 
a soothing  approximation  yields  the  following  equations  for  tha  first  two  moments: 


(t  -  *N<I1>  -  (*H)2I(1  -  H“2)<!jL""2T2>  -  <Ij>L”2<T.^>) )<u>  -  0  +  0(t3).  (19) 

<u*u>  -  <u*Xu>  +  S2{N<L~1TlL*"ltJ>  +  (^(1  -  M-1)a'lT1L*'lTj> 

-  N2L'1<Tl>L*'1<T1»<u*u>  +  0(c3).  (20) 

Keller  (1964]  has  shown  that  for  uniformly  distributed  (p  constant)  and  pair-correlated  acatterers , 
the  mean  field  <u>  obeys  so  equation  Identical  to  the  one  based  on  the  Twersky  approach  [cf .  Iq.(8s))( 
except  for  the  replacement  In  tha  latter  of  the  configurationally  avsraged  Green’s  function  «G»  by  the 
tree  specs  Green’s  function  GQ>  It  Is  relatively  simple  to  ehuv  that  this  statement  applies  also  to  the 

second  mo  sent;  that  Is,  Eq.(20)  leads  to  Eq.  (9),  with  «G»  replaced  by  Gq. 

The  application  of  the  first  order  smoothing  method  to  the  dlecreta  scattering  problem  under  the 
assumption  of  weak  transition  operators  has  led  us  to  a  “partial"  equivalence  with  the  Twersky  cuchnlque. 
Full  first  and  second  moment  equivalence  Is  achieved  only  In  the  absence  of  pair  correlations. 

In  addition  to  the  assumption  of  weak  transition  operators,  let  us  further  specify  that  the 
scatterers  are  soft,  vis.,  V’  -  cV ^ .  It  follows,  then,  that 

T1  "  Vi  +  CV"\  +  0(*2)’  (21) 

L1  '  X  Vi*  L2  *  °-  <22> 

When  the  <Vt>  is  independent  of  1,  while  <V1L_1Vj>  Is  Independent  of  1  and  J  for  1  *  J  and  Is  independent 

of  1  for  1  •  J,  the  application  of  the  first  order  smoothing  approximation  leads  to  che  following 
equations  for  the  first  two  moments: 

(L  -  tN-CVjb  -  (xH)2(<VjL-3Vj>  -  <V1>L'l<Vl>])<u>  -  0  +  0(t3),  N  lsrge,  (23) 

<u*u>  -  <u*Xu>  +  c2(H<L'1V11.*'1V*>  +  N2<L-lVlL*'lV5> 

-  N2L-1<V1>L*-l<V1>}<u*u>  «  0  +  0(c3),  M  lsrge.  (24) 

These  two  expressions  can  be  derived  indirectly  by  substituting  the  transition  operators  Tt  given  In 

Eq.(21)  Into  Eqs.(19)  end  (20),  or  directly  by  using  Eq.(21)  in  conjunction  with  Eqs.(12)  and  (13).  It 
Is  clear,  then,  that  a  full  first  and  second  order  moment  equivalence  between  continuous  and  discrete 


scattering  can  be  achieved  at  tha  level  o f  tha  first  order  smoothing  approximation  provided  that  tha 
aeattarars  ara  aaft  aad  ha*a  weak  transition  operators. 
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Although  a  strict  equivalence  batman  continuous  and  dlacrata  scattering  modeling  asp  not  ba 
faaalbla  la  an  actual  physical  situation,  ena  can  uaa  continuous  scattering  perturbative  to 

discrete  acattarlu*  problem  provldad  that  small  physical  paramters  can  ba  Identified.  On  tha  other 
hand,  tha  observation  that  tha  Twersky  approach  corresponds  loosely  to  tha  direct  lataractlon/laddar 
foraallsa  which  me  originally  scant  for  strongly  fluctuating  continuous  aadla,  or  nonlinear  phonoaana 
(a.g.,  Nevler  -  Stokes  equation,  Vlasov  plaaaaa,  etc.,)  points  out  th«  need  for  the  generation  of 
discrete  scattering  techniques  which  are  distinct  froa  those  developed  for  continuous  scattering. 
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DISCUSSION 


A.  Ishimaru,  US 

In  many  practical  situations,  continuum  often  has  large  scale  sices 
while  particle  alses  can  be  comparable  to  wavelength.  Could  you 
comment  on  the  Importance  of  slses. 

Author's  Reply 

Multiscale  problems,  especially  those  involving  an  admixture  of 
continuous  and  discrete  scattering  channels,  cannot  be  handled  easily 
by  presently  available  statistical  methods.  Some  progress  has  been 
made  in  connection  with  the  problem  of  turbulence  intennittences 
(two-scale  continuous  scattering  situation);  also,  In  the  area  of 
wave  propagation  through  soft  aerosols  surrounded  by  a  random 
continuum,  especially  in  the  case  where  the  scales  Involved  are  large 
compared  with  wavelength.  Much  more  work  needs  to  be  done  in 
physical  situations  where  some  of  the  scale  sixes  are  comparable  to 
wavelength. 

P.  L.  Chow,  US 

For  discrete  scattering  problems,  has  anyone  solved  the  Twersky's  or 
the  direct  interaction  approximation  equation  analytically? 

Author's  Reply 

No  analytical  solutions  are  available  in  the  presence  of  pair 
correlations.  Reduced  levels  of  approximation  to  the  Bethe-Salpeter 
equation  (e.g. ,  radiative  transfer  theory)  can  be  achieved,  nowever, 
which  are  amenable  to  numerical  computation. 


ON  FUNCTIONAL  APPROACH  TO  RANDOM  WAVE  PROPAGATION  PROBLEMS 


P.L.  Chow 

Deportment  of  Mathematics,  Wayne  State  University 
Detroit,  Michigan  48203,  U.S.A. 

SUMMARY 

Method  of  functional  integration  for  wave  propagation  through  random  media  is  presented.  The  method  is  applied  to 
calculate  the  coherent  and  mutual  coherent  functions  for  a  parabolic  wave.  It  is  shown  that  a  correction  to  the  parabolic 
-  Markovian  approximation  can  bn  easily  made  la  this  setting.  Then  the  method  is  also  applied  to  the  random  Helmholts 
equation.  It  is  possible  to  sohr  this  problem  by  either  Feynman's  path  integral  or  Wiener’s  integral.  Asymptotic  evaluation 
of  such  functional  Integrals  is  described.  Examples  and  general  remarks  are  provided. 

1.  INTRODUCTION 

Functional  approach  to  WPRM  (wave  propagation  in  random  media)  wia  introduced  by  the  author  (Chow,  1972).  Up 
to  that  point  in  time,  most  problems  had  been  treated  by  perturbation  methods,  such  as  Bom's  approximation,  smoothing 
techniques  etc,  which  are  valid  for  the  case  of  weak  fluctuations.  In  wave  propagation  through  a  strongly  turbulent  medium, 
a  drastically  different  method  is  needed.  The  functional  approach  seems  to  be  one  of  most  promising  techniques  available 
to  date  to  deal  with  such  problems.  In  view  of  recent  research  interest  in  strong  fluctuation  problems,  it  is  fitting  to  give 
a  breif  review  and  to  take  a  fresh  look  at  the  topical  subject. 

In  WPRM,  the  problem  is  governed  by  a  PDE  (partial  differential  equation)  with  random  function  as  its  coefficient. 
The  solution  is  therefore  a  functional  of  the  random  coefficient.  From  this  point  of  view,  the  functional  solution  to  such 
problem  is  natural  one.  Here,  by  functional  approach  we  meant  the  analytical  technique  based  a  functional  differential  or 
integral  calculus.  Functional  differential  calculus  has  been  used  by  KELLER  (1964)  to  derive  equations  for  some  statistical 
functionals  of  the  random  wave  function.  However  such  equations  are  still  intractable  and  have  not  yet  produced  any 
interesting  results.  On  the  other  hand,  the  mothod  of  functional  integration  has  found  wider  applications  for  its  power  and 
versatility.  Therefore  the  functional  integral  approach  will  be  our  main  concern  here. 

In  the  literature  the  term  “functional  integral*  is  usually  referee!  to  “Feynman’s  path  integral*  in  proximity  to  quantum 
physics.  However,  in  mathematics,  one  tends  to  regard  it  as  “Wiener's  functional  integral*.  The  basic  idea  in  functional 
(integral)  approach  lies  in  expressing  the  solution,  directly  or  indirectly,  as  a  random  functional  integral  of  exponential  type 
by  the  so-called  “Feynman-Kac*  formula.  Then  coherent,  mutual  coherent  functions  and  higher  moments  can  be  written 
as  single,  double  and  multiple  functional  integrals.  Although  it  is  difficult  to  evaluate  such  integrals  in  general,  like  an 
ordinary  integral  representation,  they  often  suggest  novel  analytical  and  numerical  approximations,  such  as  asymptotic 
expansions  and  Monte-Carlo  techniques. 

In  this  paper  the  functional  integral  and  its  application  to  solving  a  random  parabolic  equation  will  be  presented  in 
f  t  2.  This  method  is  applied  o  calculate  the  moments  of  a  parabolic  wave  function  in  Section  S.  It  is  shown  that 
■'  *•’ '  -oetlon  to  the  ^-correlated  case  can  be  easily  made  in  the  functional  form.  Even  though,  as  indicated  in  our  papers 
(Chow,  1972,  1980),  the  functional  method  can  also  be  applied  to  the  random  Helmholts  equation,  them  has  been  little 
attention  given  to  this  fact.  In  Section  3  this  point  will  be  reiterated.  In  addition  to  Feynman’s  integral  approach,  the 
Wiener  integral  can  also  be  used.  The  latter  approach  is  amenable  to  a  probabilistic  treatment.  Than  an  asymptotic 
evaluation  of  functional  integrals  by  a  stationary  phase  or  Laplace  method  is  described  and  applied  to  a  Gaussian  beam 
problem.  In  the  last  section,  a  few  general  remarks  on  the  functional  approach  are  given. 

2.  PRELIMINARIES 


Let  us  first  introduce  the  functional  integral.  Suppose  f(s)  be  a  continuous  vector-valued  function  for  0  <  s  <  t  in  the 
*dlmenaional  space  R*{d  =  2  or  3).  Let  0  =  to  <  U  <  t,  <  ...  <  t„  =  t  and  set  *»  =  l(t»)  for  *  =  0,l,2,...,n.  fbr  a  nice 
function  F„(*i, #>,...,*.)  of  it  variables,  the  following  integral  is  well-defined 

J.(n,  At)  =  . *.){nj.1p.(At»,f,  -  *».1)}<tt1...<tt„  (1) 

where  p«,(t,£)  a  the  Gaussian  density  with  a  complex  variance  parameter  e, 


and  At  is  the  max  it 
|0,t]  with  Mo  =  *.  St 
of  F  ovur  Co  is  de  ... 


P.M  = 


« 


>•10  else  of  Ats  =  (<t  —  t*-i).  Let  Co  =  Co[0,t|  denote  the  space  of  continuous  paths  M,  —  g(s)  over 
hat  is  a  discretlsed  version  of  a  smooth  functional  Fjf)  on  Co.  Then  the  functional  integral 
a  the  sequential  limit,  if  it  exists,  in  the  sense  of  CAMERON  (1987) 


At*  1  At* 
in  view  of  (1)  and  (3),  tho  limit  J.  may  *>•  written  symbolically  in  an  intsgtral  form 

J.  -  /ft  i 1*|  ^  jT*  |  *,  |*  ds}<*  (4) 

It  fc  •  Feynman's  path  integral  if  a  it  imaginary  white  it  if  •  Wiener's  integral  if  a  it  rani.  In  tho  tetter  com,  Jm  1*  juit  ho 
mathematical  expocUcc  of  F 

j.  =.  jr{/'[.)>  {») 

over  tho  Brownian  motion  with  tho  variance  a.  for  k  ohort-hond  notation,  tho  expoctlon  symbol  will  bo  uaad  in  tho  case 
of  complex  a  a*  wall. 

Consider  tho  parabolic  actuation 

^-|Ao  +  4il(*,*)*,»(M) -/(*).  (8) 

whan  a,/J  an  complex  eonotanU  and  tho  function  /  and  *  an  firm.  Than,  aceordlni  to  tho  Feynman-Kac  formula 
(FEYNMAN,  IMS;  KAC  1949),  tho  solution  of  (d)  has  a  function *1  Integral  representation: 

«((,*)  =  «?{«*£  ■>(«.*  +  *•  ~  *)*/(*  -  A)}  (T) 

Now  1st  if  bo  a  random  function  *(i,S,w)  or  a  spaco-timo  random  process.  Its  probability  distribution  is  determined 
by  the  moment-generating  functional 

#|A|  =  E,  «p  {ft  jT  j*  A(s,  tM»,  B)dtdS)  (8) 

whan  A  is  a  test  function.  It  becomes  the  characteristic  functional  when  ft  =  t.  Note  that 

f"  A(s,S)ij(o,f)dsdB  =  £  *(«,*  +  A  -  A)ds  (9) 

if  we  set 

A  =  Ai(r.j)  =  ffkt(s)S(t  -  *  “  A  +  A)  (10) 

whan  A(«)  —  1  >f  0  <  «  <  f ;  0  otherwise,  and  t  is  tho  delta  function.  For  instance,  if  ij  is  a  Gaussian  random  function  with 
mean  and  covariance  functions  given  by 

m(t, *)  *  Nij(f, *),«(«,  =  E\n{t,t)  -  m(<,*))iij(a,j)  -  m(a,p)j  (11) 

then 

#(A]=  s xp{?J  J  m(s,f)A(j,f)d»df +  -^  j  j  J  J  (12) 

Thus,  in  view  of  (7),  (10),  tho  moan  or  tho  coherent  function  of  v  takes  the  form 

r(t,  I)  *  £,*{«,  i)  -  ET{#[A,]/(»  -  A))  (13) 

which,  for  tho  Gaussian  csss  (2.12),  yields 

r(*,*)  «*?{/(*- A)  e*p|/»jT  m(«,*,A -A)d»  +  jd*jf'jf  B(r,a;i  +  A  -  A, 2  +  A  -  A)drde)>.  (14) 
Similarly,  tho  second  moment  or  the  mutual  coherent  function  is  given  by 

r,(ti.*„*i)  =  $,{*(«.  A, «(<,*.)}  =  *£{/(*t  -  A (*)/(*»  -  A(0)  ‘*P  (^'[/Sm,(«)  +^m,(s)l<te 

+  +  j4*Na(r,  s)])drd*)},  (15) 

where  ~  means  the  complex  conjugate  and 

im(a)  =*  m|s,  A  +  A(s)  -  a(*)]> 

=  A[r,.j  A  +  A(r)  -  A(f).*i  +  AW  -  At*)]. 

for  i,j  =  1,2.  Derivation  of  this  and  higher  moments  can  be  found  in  (CHOW,  1972, 1980). 

J.  CORRECTION  IN  PARABOLIC  EQUATION  APPROXIMATION 


39-3 


In  4  fctnrf  scattering  approximation,  the  Helmhotts  equation  la  replaced  by  4  “pareoolk*  «qu4tlon 

|j  ■  *,•)*, I  >  0;  »(0,*)  ~  /(l),  (16) 

wham  t  *  •  Is  actually  th*  space  variable  in  Um  direction  of  propagation,  t  «  (ii,*i)  ■>  (y,a)  ti  Um  transverse  variable, 

4nd 

a  -  (ik)~‘,/J  «■  k/U  and  q(t,*)  i=  »*(t,t)  - 1.  (IT) 

Author  assume  that  tha  refractive  Index  »*  ia  Gaussian  and  trsnsvsraeiy  homogeneous  to  that  q  haa  tha  moan 

5q(f,*)  «m(f)  (W) 

and  tha  covariance 

*(«.  a,'  *,  9)  =  H*  -  »)*(«,  *.  J)  (19) 

Ijoti  substituting  (17)  -  (10)  into  tha  formulaa  (14)  and  (IF)  respectively,  oaa  (ata  immediately  tna  coharcnt  and  tha 
mt-tual  coherant  functiona 

r{‘,  *)  “  ***  ( 7  f„  "(')*  -  7  fl  *(•<  °)*> *  /„,  /(*  -  9)  «j*  *'»^-)d»  (*>) 

and 

r,M„f,)  -  -  *.(«))/(*»  -  *.(*»  x  h~J‘ W*,o)  -  s(a.i,(sl  -  *»(-j))^))  (ai) 

which  may  ba  avaluatad  by  a  change  of  varieties  to  yiaid 

r.(*,F„F,)  “  (£7)T  /a,  /„  r«(°.'‘t^t)  ijirx  ~  Tl)  •  (f,  -  n>  -  7  />(*.<>)  ~  a(*.Ti  +  "(Ft  -  F*. ))]}<<*; df*,))]*  (22) 

where  fi  =  J(l,  +  J,),Fj  =  (I,  -  J,)  and 

r.(0,  F„f,)  =  /( f,  +  F,/2)/(T,  -  f,/2). 

Evaluation  of  higher  momenta  would  ba  difficult.  But  thin  can  ba  dona  by  solving  the  differential  equations  they  satisfy,  as 
done  by  KLYATSKIN  and  TATARSKI  (1970),  YEH,  LIU  and  YOUAKIM  (1975),  amoni  others. 

Tha  assumption  (19)  of  {-correlation,  though  resulting  in  a  considerable  simplification,  seems  too  drastic  in  application. 
In  reality  it  is  only  a  first  approximation  to  the  case  of  short  cor  relation- length.  Here  we  wish  to  show  that,  by  functional 
approach,  it  is  easy  to  pick  up  the  next  order  correction  if  so  desired.  To  this  and,  one  observes  that,  for  a  sv-.rt  correlation 
"time*  (lergth),  the  covariance  function  A(r,s;S,  f)  peaks  at  r  =  s  and  then  decays  rapidly  as  |  r  -  s  |  increases.  Thus  we 
have  the  following  expansion,  for  small  |  r  -  s  | 

*(',« i«r  -  *.)  ~  «»(F,«)  +  j9(r,*i*r  -  *.)  (») 

in  which  we  have  set  Ro(x,t)  =  R(s,i;0),  vB(«,<;0)  =  0,  and 
<?(•%  «;  «.  -  I.)  =-  3^5 -R{r,  Si  0 )(«J  -ft. 

If  we  substitute  (3.4)  and  (3.9)  into  (3.14)  with  a  =  (it)-1,  it  yields 
rv«,*)  =  sun*  -  «,)  exp  (-$  £m(s)ds 

-  £  £  /o'[«o(f,  «)  +  \Q(r,  s;  *r  -  *.))drds)>, 

which  involves  a  quadratic  exponent  in  i.  This  is  similar  to  the  eve  of  a  harmonic  oscillator  in  quantum  mechanics  and 
can  e.imetlme  be  calculated  by  the  method  of  Integral  equations.  Another  possible  way  of  correction  ia  to  make  use  of  the 
short  wave  asymptotic  expansion.  This  wilt  be  discussed  later  in  a  t  ore  general  situation. 

4.  FUNCTIONAL  APPROACH  TO  RANDOM  HELMHOLTZ  EQU  4TION 

In  cons  tract  with  the  parabolic  wave  approximation,  it  seems  leas  well-known  that  the  functional  method  is  also 
applicable  to  the  random  Helmholts  or  reduced  wave  equation  given  by 

As  +  *V(*,u)«  =  /(*)  (24) 

in  the  free  space  or  a  half  space  (CHOW,  1972,1975)  in  three  dimensions.  The  idea  is  based  on  the  concept  of  imbedding 
by  regarding  the  wave  function  a  in  (24)  as  a  steady-state  solution  of  a  parabolic  equation. 

Let  us  consider  the  parabolic  equation  (id)  which,  by  a  Laplace  transform,  yields, 

|Ae  +  (dq-A)«  =  /(*), 


(25) 


-  jf  n*  X  >  0.  (M) 

Vfa  shat  give  two  different  functional  latsgral  nftMNWkM  hr  the  solution  of  the  equation  (M)  an  follows. 

(o)  hwu  Integral  approach. 

If  wo  ht  .. 

a  ■  Wf’,4  -y,A-ik  end  e  » it*  - 1,  (IT) 

Uno  Um  solution  «  of  (M)  tu  ho  written  on  • 

»(*)  —  (ih)-‘I(-.‘k,  a)  -  (.*)->  jT  «-“-»{*.  •)«,  im  k  >  0,  (M) 

Thao,  according  to  (T),  it  becomes 

•(a)  -  (t*)-‘jT  .-"^{sep  ||  £,{»+ a.  -  *)*)/(•  -  *)}*  (») 

Sine*  Um  variance  imtmelH  •  -  Si*"1  in  Imaginary  on  tm  k  m  0,  Um  above  in  n  Feynman's  path  Intognl. 

(b)  Wiener  integral  approach. 

hot  X  «  c  >  0  bo  real  and  0  <  a  <  3.  If  we  chooao 

a  m  I k~*,fi  *  k*~*  and  g  «  n*,  (30) 

than  it  hi  stay  to  too  that,  inataad  of  (M),  wo  got 

u(*)  «-k'*tigjH  o-.(t,i)dr  -  Ug /“  (»•-  /o'  ,(«  +  *.  -  *)*]/(*  -  *S)dt.  l«) 

Now  the  variance  paramotor  a  a  3*-*  it  real  an  that  Um  abort  ex  peeved  functional  la  a  Wlonor  integral. 

In  either  caae,  ai  chows  in  Section  2,  the  moments  of  aotntioa  caa  bo  expressed  in  tenaa  of  muftiple  functional  integrate 
involving  the  characteriatic  functional  of  the  random  medium.  In  contract  with  the  {-correlation  cam,  the  evaluation  of 
such  integral!  ia  much  more  difficult.  However,  at  high  frequencies,  one  caa  turn  to  the  acymptotk  method  of  evaluation, 
which  will  now  be  described. 


To  be  definite,  let  us  assume  g(t,w)  be  Gaussian  with  mean  m(l)  and  covariance  N(i,f).  Suppose  that  we  wish  to 
evaluate  the  coherent  function  r(l,*)  hr  e(f,t).  Note  that  Um  equation  (M)  can  be  written  ea 

r(t,  s)  -  J*  p,(t, »)/(«  -  t)j(t ,  *,  i)dp, 

where,  in  functional  form 

-  u  -  <-£/.’ t  *•  I*  *+/»/>(«.)* *(*.•.)**>«». 

and  Ci(s,y)  denotee  the  clew  of  continuous  paths  with  hj  -  *,*i  -  J. 

Fbr  the  caae  (a),  noting  (27),  we  have 


(32) 


(S3) 


i,  /.[lls^Wlf 

■'Cifacl 


where 


«•(*)  “  £  I  i  t‘  *•  +  £  "»(*.)* 

f,(*|  -  exp  (-- £  jT*  *(*,,f.)drdc) 


(«) 


(33) 


W  Vg  e« 

If  klR  n  0(1),  for  large  k,  the  main  contributions  to  the  Integral  (34)  cume  bom  the  neighburhood  of  station  ary  paths  to 
determined  by  the  variational  problem 

Mil*)  -  0 

In  view  of  (36),  it  leads  to  Euler's  equation 

*^T  *  M«.U  -  *.*  -  »• 

F6r  each  stationary  path  Is,  the  main  contribution  to  the  integral  it  a  >n  by 

J~F,[#e|e<**W|r,(g,ff), 


(36) 
IS  t* 

(ST) 

(36) 

(*») 
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*.<M)  -  an*  (ik  [  I  i  I*  *  +  Qi(a*,i)>li  (40) 

i*4  Qi  la  »  Wituli  NkIW  ..vtatoed  to  t  Tartar  aariaa  mfnialea  of  Uw  SmIIbmI  *1(1)  -  R|t*|  abeat  •*  aj;  to 
tkfHMcm,  to quanlwi  wJhiIm, the tWw ptaeadart  iin^nt  tea  itml eknakal  mmrtnitlH  tlkn 
mtoakaa  ef  tka  mIM  efatattoaary  ptoc  far  u  oacUktoty  lateral  (ALBIVEftlO  ik  KdEGH-KROHN,  WN). 
fa  the  Wkaer  lntetral  'tarn  (to),  Uw  <•  ocrmpto  Jlat  httattel  J  l»  (a)  tahae  Uw  tom 

J(l,*,»)  -  -fc*  £  |  i.  |«  da  +  h»-  jf  m(E)de  +  i**-*  £  jf  *(*,  *,)*4«H*.  (41) 

whkh  It  a  Laplace  type  ef  bfatral.  tot  ltf«t  h,  by  takkf  i>|  with  **R  -  0(1),  wa  eta  gal  aa  aaymptotk  Mputot 
aimUar  to  Um  cm*  (4).  Itotw  there  in  other  ycaalhitttln  to  tkla  cm.  tor  tolim,  If  m  *  0,  oot  cm  chooee  4  -  4/S 
eothat 

Ji*>**9)  -  ^  {-**[£  |  i.  |*  4*  +  JT  jf  *(E,*.)drd.>4l  (4S) 

Um  ttltltotl  petto  H  v.J  k  towtof  tor  tto  equatka 

+j£  ?*(*.,  Rjdr-O,*-  •,*-»  (43) 

Oaca  Dm  miakaae  f*  art  foend.^tto  aaymptotk  matoalka  It  the  aaaaa  aa  before.  Since  R  »  0(1)  in  tkla  eaae,  Ike  reeult 
knMt  fnr  aln«|  terlaallna  ytnh  mm  Aaymptotk  evafoatka  of  Wener  iakfrale  kaa  been  etudkd  by  many  aatkere,  notably 
by  DONSKEE  aadjYAKADHAN  (10TS). 

Let  ea  roaaidar  «  couple  of  alnipla - r*~  to  Ike  Miked  of  ateUoaary  phaaa.  tor  eUUetkally  homocanoua  madia, 

»«1  tad  R(*,f)  «  J*(t - j).  From  (31)  ere  aaa  that  tka  ray  la  juat  a  Una  aafmint 

«*.f  +  |(f-*),  OSe't, 

ik  t  5 

J(M.i)  ~  KM.*)  a*  {»*(*  +  -  i- /#‘ £  K(l^(*  -  «)|drdi}  (44) 


*(«.«.»)  -  •np[ik£\i,-  K*  I*  (44) 

That,  for  a  radiatioa  problem  with  /(a)  m  {(1),  tka  cokaraat  fraction 

r(t)~(.*)-‘jT  p.(i,  *)K(«,a,f)  op  ^  jf*  jr'K|~(a  -  *))**}*  (40) 

where  K  cm  bo  competed  aa  la  tka  quantum  oaclUator  problem  Aa  aiinibar  example,  let  na  coaaidar  the  Gaueeiaa  beam 
propagation  problem  in  the  half-epeca  *,  >  0  with  a  prescribed  aperture  Said 

<(«)  -  A(«)a*M<,‘  at -  0, 

Than  the  cokaace  feactioa  kaa  tka  aaymptotk  form 

T+(I)  -  Hi'1-  Jm  £  «e  (*>*.  t)4»df 

whan  J  kaa  tka  aaymptotk  expaaalou  (44).  That  cube  relrelatad  approximately  but  will  not  be  dona  ban.  tor 
deteila  one  la  enforced  to  oar  paper  (CHOW,  107$).  The  procedure  far  aaymptotk  evaluation  of  eacond  and  hither  momenta, 
though  man  cumber  OHM,  ia  quite  aimilar.  Tkla  la  explained  In  o«ur  papere  mentioned  above. 

S.  GENERAL  REMARKS 

la  thia  paper  aemel  aapecta  of  functional  lntetral  method  kaee  been  daeeribed.  Moot  dlacuaaion  haa  bean  confined  to  the 
coherent  function  for  aimiplkity.  to  fact,  in  cootrait  with  other  appro achaa,  Um  procedure  for  cakutatiaf  hither  moment!, 
at  anHLpoiata  are  aa  atnitkHbaward.  it  la  baUaved  that  the  pre-mt  method  la  potentially  uaafal  in  aoWnt  atrent  random 
acatteriat  problem.  in  partkalar  tka  Wiener  lntetral  approach  to  ruadorr  Haimholti  equation  Ia  moat  pramielnf  and 
Worth  further  atudy.  The  reaeon  ia  aa  foUowe.  Tb  evaluate  tka  functional  lntetral  arymptotkalty,  It  la  poaaibk  to  make  uaa 
of  certain  analytical  technique*  In  probability  theory.  In  appikatkaa  one  ia  likely  to  appeal  to  a  numerical  aoproxbaatioa. 
In  tkla  caapact  t(w  Wiener  lntetral  k  mack  mace  robustk  than  Ftyn ">»■*»  path  lntetral,  and  He  computational  atforitkm 
la  readily  artlb.Ua. 

Ia  ckkat  or  wkk  to  point  out  that  tka  toyauua  lntetral  had  been  uaad  by  DASHEN  (1878)  to  cakulata  momenta  of 
tbe  wave  function  under  the  parabolic  aquation  approximation  praaantad  in  Section  3.  Mora  recent  rafarancaa  to  the  path 


tatasnl  approach  cm  h  found  In  the  iatotaattog  artktoa  by  FISHMAN  aad  MCCOY  (ISM). 

*,  acknowlbooimint 

Thte  Mtk  ««■  nf)«rtc4  to  part  by  tka  National  Sctonca  fcandatioa  under  Grant  DMS4U9M. 

RXFRRSNCB 

AlWwrto, twIA Rdash-Kroha, Mathematical Theory of  fryamaa  Path  Integral. Lact.  NotoataMate.  SIS,  Spring 
Mates,  Barite,  ISM. 

Camera*,  ILH.,  A  Nolly  af  integrate  earring  to  coanact  (ha  Wtonar  aad  PUynmaa  Integrate,  J.  Math.  aad  phya.,  31  (10*7), 

its. 

Chow,  P.L.,  Applkaltona  af  function  apace  integrate  to  warn  propagation  la  random  madia,  J.  Mate,  phya.  U  (107J), 
15*4. 

Chew,  P.L.,  A  functional  phaaa  latostal  aaateod  aad  applketiooa  to  tea  ton*  beam  propagation  la  laadan  madia,  J. 
Stattot.  phya.  U  (1STS),  03. 

Chow,  PX.,  Functional  matooda  tea  wmree  la  laadom  madia,  la  Multiple  Scattarias  aad  Warn  to  Random  Madia,  ad.  by 
P.L.  Chow,  W.K.  K  oh  tor  and  Q.C.  Papanicolaou,  North-Hollaed,  Amatardam,  1SS1. 

Daahan,  R.,  Path  integrate  tor  warm  in  random  madia,  J.  Math,  phya.,  3Q  (19T0),  <94. 

Dooehar,  M.D.  and  S.R.S.  Varadham,  Asymptotic  evaluation  of  cartaia  Wtonar  integrate  for  larta  Uma,  In  Functional 
Integration  aad  Its  Applicationa,  ad.  by  AM.  Arthur*,  Ctaraedoa  Praia,  Oxford,  1973. 

Fteynman,  R.P.,  Spaca-tima  approach  to  nonrelntiviatk  quantum  machanka,  Ray.  Modam  phya.  2Q  (1048),  387. 

Flahman,  L,  aad  J.J.  McCoy,  Derivation  and  applkatkm  of  axtandad  parabolic  warn  thaortaa  I, II,  J.  Math.  phya.  2S 
(1084),  *88. 

Kac,  M.,  On  dtetri  button  of  cartaia  Wtonar  functionate,  TVana.  A  mar.  Math.  Soc.  fid  (1040),  1. 

K alter,  J.B.  Slochaatk  aquations  aad  wava  propagation  in  random  madia,  Proc.  Symp.  Appl.  Math.,  lfi  (1084),  148. 

Klyaakia,  V.I.  and  Ihlaiaki,  V.I.,  Tha  paraboik  aquation  approximation  la  a  medium  with  random  inhomoganeitiee,  Sow. 
phya.  JETP  31  (1WTO),  335. 

Yah,  K.C.,  CH.  Lia  and  M.Y.  Youakim,  A  tbaoratkal  atudy  of  tha  ionoaphwk  actatillatioo  behavior  caused  by  multiple 
acattortof.  Radio  Sctonca,  IS  (1078),  07. 


19-1 


MM1UCAL  SIMULATION  OP  )MVt  HWAQAT10N  IN  RANDOM  MEDIA 


Nutt  tplvaek 

Dept.  of  tiplM  Mathematic*  A  theoretical  Physics, 

SI  Ivor  I'treet,  The  University,  Cubrldge,  CSS  MV,  tNQLAND 


•h^erteal  simulation  of  ronOoo  save  propagation  has  numirous  applications.  It  enables  ua  to  maliw 
Individual  features  if  the  weve-rieu  anO  to  mode)  actual  experiments.  Statistical  quantities  such  aa 
average  power  apaetro  of  in tana  tty  fluctuations  can  also  be  obtained  for  caparison  aith  theory . 

this  paper  aaploina  aooa  of  the  techniques  and  uses  of  numerical  aloulatlon  and  dtacrlbae  sons  of  tho 
results  ahloh  aanraa. 


1.  INTRODUCTION 

Wave  propagation  in  randoo  aiadia  has  long  boon  studied  but  tho  theory  has  boon  concerned  aatnly  aitn 
a v« raped  quan'ltlee,  auoh  aa  power  apootro  and  aonanta  of  intensity  fluctuations.  Numerical  simulation, 
however,  enables  us  to  atudy  individual  aaaapleo.  This  gives  insight  into  features  of  tho  randoo  save- 
field  that  would  otherwise  be  difficult  to  eeaaine.  Such  effects  include  the  long  peaks  of  intensity 
which  develop  and  the  tendency  of  beams  to  wonder  from  their  equilibriiw  positions, 

Simulation  allows  ua  to  nodal  actual  super imen t» ,  and  to  oospore  results  with  theory.  A  variety  of 
initial  oonditnne  and  boundaries  can  ha  treated,  together  with  deterministic  conditions  In  the  medium. 
It  la  also  possible  to  investigate  numerically  some  of  the  aasuaptione  and  approximations  used  in 
formulating  the  fundamental  aquations. 

In  the  following  sections  the  techniques  of  numerical  aiauletlon  are  explained,  and  none  of  the  uaee  and 
results  described. 

*.  MAnmATICAL  rORNULiTIQN  AND  APPROXIMATIONS 

The  situation  ua  consider  la  of  a  monochromatic  wave  incident  on  a  half-space  a  >  0.  We  assume  the  wave¬ 
length  k  to  be  significantly  shorter  than  the  typical  scale-site  of  irregularities  and  so  scattering 
takes  place  aalnly  in  a  forward  x-dlreclion.  The  fuil  e  ilptic  wave  equation  can  then  be  approximated 
by  a  parabolic  form,  in  which  a  become*  n  tlae-like  direction  of  propagation.  This  expression  lo,  in 
2-dimsnaional  Cartesian  coordinates  (x.e), 


IK 

»a 


•  -1  0  -  1  ;  (n*  -  1) 


(2.1) 


whara  *  la  the  complex  wavefleld,  and  n  la  the  refractive  index.  Ve  can  write 


n  «  1  *  nd(x,x).*  pV(x.a) 


(2.2) 


-wr*  n«LU  *  ,1*t*r"tnUtlc  departure  frow  1,  and  pV  V tries  randomly  with  Been  aero  and  standard 
deviation  p.  both  nd  and  *  are  esavxeed  to  be  email.  (Ve  have  ignored  variation  in  tho  third  variable  y. 
Time-dependence  has  also  boon  .excluded,  alnoo  typically  the  wavo-apeed  is  ve-y  fast  relative  to  change* 
in  n.  goth  the**  restrictions  ere  easily  removed , ) 

for  convenience  we  scale  x  ana  a  by  L  and  kL*  respectively,  where  L  la  the  correlation  length  of  the 
medium  In  the  x-dlrection.  Ve  thus  put  I  -  ,  X  .  i  ,  end  ve  get  approxlmetely 


H  *  -  2  IF  *  f  *  “t'fkW  )* 


Th#  rlfltt  hin4  aid*  of  2% 3  of  a  distance  operator  and  scattering  operator  respectively  *  H»  denote 

hy  *<|,  c  )  the  noroelleed  correlation  function  of  refractive  Index  fluctuation.  Thus 

#(«»«)  -  <V(X,I)  MIX  e  Ctl  ♦  c)>.  d  la  aaauaad  to  have  Geuaalen  statistics,  but  a  la  arbitrary. 


In  thia  aay  we  can  nodal*  say,  a  plane  wave  or  a  narrow  bemad  (extended  point)  source,  with  arbitrary 
deterministic  profile  n.,  The  weve  propagating  froa  a  deep  phase-changing  screen  +(x)  la  also  represented 
by  2*3a  The  initial  condition  la  than,  in  effect,  I  «  e**  and  the  scattering  tern  la  set  to  aero. 


Although  the  extended  point  source  accurately  model*  m*ny  features  of  •  true  point  source,  we  c*n  model, 
this  directly  in  *  similar  way.  The  appropriate  wave  equation  in  polar  coordinates  can  be  transformed  to 
Cartesian  coordinates,  and  an  expression  similar  to  2.3  is  obtained.  A  typical  simulation  with  this  model 
is  shown  in  Figure  l. 


Figure  1.  Intensity  of  eylindrically  spreading  wave  due  to  point  source. 


Solution 

The  infinitesimal  effect  of  scattering  is  to  introduce  pure  phase  variations  in  E.  These  gradually 
become  focussed  with  distance,  giving  rise  to  intensity  fluctuations.  Thus  over  short  distances  AZ  the 
solutic.i  of  2.3  is  obtained  approximately  by  solving  first  for  one  operator,  and  then  applying  the 
other.  An  accurate  picture  of  B(X)  as  range  increases  is  built  up  by  repetition  of  this  procedure 
(Mathematically  this  is  equivalent  to  the  fact  that  the  two  operators  almost  commute  for  small  distances). 
The  solution  can  be  written  formally  as 


Z+AZ 

E  (X)  =>  E(x,Z)  exp  [ik*L:si  /  W!X,Z')  dZ1] 

Z 


(2.4) 


and  E(X,  Z-AZ)  »  /7  I  (X1)  «iwX  ,iv,AZ''2  e-lvX  dX1  dv 


This  solution  closely  parallels  the  theoretical  solutions  of  the  fourth  moment  equation  by  successive 
scatters  (see  (Jscinski  [l]). 

it  can  be  shown  v/ith  simulation,  in  fact,  that  this  approximation  is  e:\tremely  accurate  (see  14), 

3.  NUMERICAL  IMPLEMENTATION 

We  will  describe  here  tho  representation  on  tb*  romputer  of  the  ranoom  medium,  and  the  numerical  treatment 
of  the  diffraction  effect. 

As  mentioned  ebo’-e,  a  step-length  AZ  is  chosen  such  that,  in  that  distance.,  the  total  phasu-change  imposed 
by  the  medium  lead^  to  only  very  small  amplitude  fluctuations. 

Random  medium 

Given  the  statistics  of  the  medium  in  terms  of  W(X,Z)  we  wish  to  construct  a  phase-screen  U(X)  to 
represent  the  total  effect  of  W  in  the  slice  of  medium  (Z,  Z+AZ).  The  (unnornu-Jised)  transverse  corre¬ 
lation  function  p,  of  U  is  therefore 

Z+AZ 

Pi<c>  -  Ptt.C)  d2l  dz2 


where  c  -  Z4  -  Za.  in  many  cases  of  interest  we  can  take  AZ  to  be  the  horizontal  scale-size  Lw«  and  3.1 
ainplifies.  The  individual  screens  U(X)  c*n  then  be  generated  independently.  It  is  often  necefsary, 
however,  to  generate  the  screen*  so  that  they  are  correlated. 

The  details  of  this  procedure  are  given  in  Macaaklll  and  Ewart  [2]  and  follow  a  technique  described  in 
Jenkins  and  Watts  (3):  The  screens  are  generated  in  the  frequency  domain,  using  s  random  number  generator. 
White  noise  is  filtered  by  the  spectral  function  corresponding  to  p,,  and  the  whole  is  transformed  back 
to  the  spatial  domain,  using  fast  Fourier  trsnsforms,  to  give  the  required  screens.  We  put 
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♦(X)  ■  /TSl  U(X),  whore  r  *  k*  p*  L*  1  is  ths  naturally  arising  "strength"  paranstsr  (•••  Useinski 
[4]),  and  U(X)  has  variance  1. 

The  first  part  of  tha  solution  la  than  f(X)  -  E(X,Z)  exp  [-iv(X)]. 

So  far  we  have  described  the  randoa  aadlua  for  propagation  of  a  linear  wavefront.  The  considerations 
are  similar  for  a  point  source 9  but  the  correlation  functions  of  the  soreena  are  then  range-dependent. 

Diffraction  affect 

The  formal  solution  (2.5)  of  the  diffraction  operator  suggests  solving  by  use  of  the  fast  Fourier 
transform  (FFT).  This  technique  was  applied  by  Tappert  and  Hardin  (5).  In  it,  the  FFT  of  I(X)  is  taken, 
the  individual  Fourier  components  are  propagated  independently,  and  the  inverse  transform  gives 
KX.Z+AZ).  The  method  is  fast,  and  eliminates  the  need  to  deal  with  boundary  conditions  explicitly. 
Furthermore  the  accuracy  is  independent  of  AZ,  and  depends  only  on  the  discretisation  itself.  Thus  in 
tha  particular  case  of  propagation  from  a  deep  screen  the  step-lengths  can  be  arbitrarily  large. 

The  other  method  used  in  this  work  la  that  of  finite  differences.  An  implicit  scheme  is  derived  as 
follows:  Equation  2.3  is  discretised  in  X  and  Z,  and  the  derivatives  approximated  by  finite  differences, 
using  a  Crank-Hicolson  scheme.  This  yields  an  implicit  system  of  linear  aquations  of  the  form 
AE1+1«  BK1  where  A  and  B  are  tri-diagonal  matrices,  and  the  vector  Bx  corresponds  to  B(X)  at  range 

Z,.  A  and  B  are  constant  with  Z  since  the  range-dependence  has  been  included  in  the  phase-screen.  This 
system  can  then  be  solved  using  an  efficient  tri-diagonal  matrix  inversion  algorithm.  Explicit  boundary 
conditions  are  taken  into  account  in  the  definitions  of  the  matrices  A  end  B. 

Note  that  numerical  stability  may  require  a  finite  difference  step  length  smaller  than  AZ.  The  usual 
stability  analysis  must  be  replaced  by  a  stochastic  variant,  because  of  the  imposition  at  each  step 
of  s  phase-screen. 

Extremely  close  agreement  with  FFT  results  indicates  the  accuracy  of  both  methods. 

Wave-speed  profiles 

Deterministic  variation  n.(X,Z)  in  refractive  index  can  be  Included  without  difficulty  in  the  model. 
Typically  this  will  be 'constant  in  Z.  In  the  ocean,  for  example,  such  variation  will  recult  from 
temperature ,  pressure  end  salinity  patterns. 

4.  RESULTS  AND  APPLICATIONS 

We  summarize  e  few  applications  of  the  model  and  the  features  which  emerge. 

A  receiver  mey  detect  e  strongly  scintillating  signal  (with  time,  or  movement  of  receiver)  from  a 
constant  source.  In  the  ocean  an  acoustic  record  with  depth  may  be  very  weak  except  ftr  occasional 
high  peaks  of  intensity.  These  features  show  clearly  in  Figure  2,  where  long  peaks  of  Intensity  build 
up  with  range  and  drift  for  some  distance.  A  moving  "observer"  has  a  high  probability  of  crossing 
these  peaks. 


Figure  2.  Simulation  for  ledlum  with  Gaussian  correlation  function,  showing  lntsnsity  I(X)  changing  with  Z. 

The  field  from  s  narrow  besuied  source  is  also  frequently  observed  to  wander  from  its  equilibrium 
position.  Such  behaviour  is  evident  in  tha  simulation  ?n  Figure  3. 

Three-dir enslonsl  xlaulatlons  exhibit  simile?  features.  The  long  peaks  of  intensity  occur,  wandering  now 
in  a  2-dimensional  path  as  range  increases  *  (A  moving  observer  in  this  esse  is  liksly,  however,  to  miss 
the  intenrlty  peaks  altogether. 

Linear  and  parabolic  profiles  n .  have  s  marked  influence  on  propagation*  Figure  4  shows  the  focussing 
effect  cf  s  paraoolic  profile  on  an  sxtendsd  source,  in  the  absence  of  random  variations.  In  this 
esse  s  random  medium  will  tend  to  diminish  focussing. 
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figure  3.  Simulation  of  e~tendsd  point  eourc*. 


Hgur*  A.  Intansity  as  function  of  X  and  Z  In  medium  with  pa-aboll c  profile. 

Modelling  of  experiment 

Environmental  data  collactad  during  exparlaant  can  ba  lncorporatad  In  a  computer  aimulation,  and  the 
experiment  modelled  In  acme  detail.  In  racant  ocean  acouatlca  experiments,  for  example,  the  profile, 
n.,  and  autocorrelation  function,  p,  of  the  aediun  vere  aaaaurod  In  the  region  of  the  aignai.  In  thin 
w*y  observed  features  of  signal  behaviour  can  be  reproduced  coaputationally,  end  can  often  be  seen 
as  part  of  a  larger  pattern  not  detected  experimentally .  Simulation  can  thuo  lead  to  the  deelgn  of 
further  experlieenta  and  measurements . 

Theoretical  solutiona,  of  course,  are  also  compered  with  experiment.  The  resulte  of  lnverae  theory 
(Uaclnskl  (6])  can  be  applied,  to  yield  aore  information  about  the  random  medium  which  can  again  be 
modelled  In  the  aimulation. 
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Figure  5a  Intensities  at  fixed  rsnge  coopered  for  progressively  finer  screens,  with  the  finest  sub¬ 
division  lowest. 


Correlated  screens 

Several  types  of  simulation  can  now  be  perforaed  using  screens  correlated  with  ranges  Three-dimenaionAl 


and  tiae-varying  madia  both  roqulra  this  technique.  We  can  examine  the  effect  on  propagation  of  alongation 
of  tha  irregularities  whan  tha  amount  cf  scattering  ovar  small  dlatancaa  remains  the  sama.  In  addition, 
by  simulation  we  can  progressively  subdivide  a  madium  into  incraasingly  fina  scraans.  This  procedura  has 
given  a  strong  validation  of  thasa  "split-step"  methods  and  tha  fundamental  approximations  used.  Figure  5 
shows  tha  intensity  patterns  after  8  correlation  lengths  into  tha  medium  for  such  a  series  of  sub¬ 
divisions,  in  which  62  is  halved  each  time, 

Ve  have  described  mainly  features  of  individual  realisations  of  the  random  medium*  By  averaging  many  such 
results  ve  can  obtain  such  quantities  as  the  fourth  moment  and  power  spectra  of  Intensity  fluctuations. 

The  use  of  numerical  simulation  thus  interacts  with  theory  and  experiment  to  further  our  understanding 
of  random  wave  propagation. 
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SUMMARY  OF  SESSION  VDI 
DISCRETE  RANDOM  MEDIA 

by 

WA.Flood,  Session  Chairman 


Six  papers  were  presented  in  the  session  on  discrete  random  media.  Of  these,  three  dealt  with  propagation  and  scattering 
in  discrete  random  media,  while  a  fourth  reviewed  the  problems  associated  with  the  nonlinear  interaction  of  a  high  powered 
laser  beam  with  a  discrete  aerosol  particle.  The  remaining  two  papers  treated  continuous  random  media.  I  propose  to  confine 
my  remarks  to  the  papers  dealing  with  discrete  particles  with  particular  emphasis  on  the  three  papers  treating  propagation  and 
scattering. 

The  three  papers  on  propagation  and  scattering  considered  multiple  scattering  in  increasing  orders  of  complexity.  They 
were  (in  ascending  order  of  complexity): 

1 .  Selective  extinction  of  a  dispersion  of  single  and  aggregated  layered  spheres,  by  F.Borghese  et  al. 

2.  Multiple  scattering  or  waves  in  random  media  containing  nonspherical  scatterers,  by  V.V.Varadan  et  al. 

3.  Monte  Carlo  simulation  of  multiple  scattering  effects  of  microwaves  from  rain,  by  HJeske  and  P.H.Voss. 

The  paper  by  Borghese  et  al.  considered  extinction  due  to  a  sparse  mono-disperse  distribution  of  metal-coated  spheres 
The  assumption  of  a  sparse  distribution  was  used  to  justify  a  single  scatter  (Born)  calculation  for  the  net  extinction.  Their  model 
for  a  single  sphere  accounted  for  varying  coating  thickness  and  for  the  frequency  variation  of  the  complex  refractive  index  of 
the  metal  itself.  They  showed  how  one  could  selectively  control  the  frequency  of  peak  extinction  by  varying  the  thickness  of  the 
metal  coating  and  they  further  analyzed  the  effect  on  extinction  if  the  particles  fc-r.ied  binary  aggregates.  Within  the  constraints 
of  a  sparse  distribution  (single  scatter),  the  calculations  of  these  authors  could  be  extended  to  poly-disperse  distributions,  albeit 
at  the  expense  of  significantly  increased  computational  time. 

The  paper  by  the  Varadans  and  Ma  considered  a  dense  random  medium  (the  percentage  of  volume  occupied  by  the 
scatterers  was  more  than  a  few  percent  and  was  20  percent  in  the  numerical  examples)  such  that  in  addition  to  multiple 
scattering,  particle  positional  ptir  correlations  must  be  considered.  The  paper  offered  a  novel  scheme  for  the  computation  of 
the  incoherent  intensity. 

The  authors  used  the  coherent  intensity  as  the  exciting  field  for  the  incoherent  intensity.  As  such,  this  is  a  single  scatter 
formulation  but  with  two  important  distinctions:  (1)  The  exciting  field,  the  coherent  intensity  is  calculated  by  means  of  a  full 
multiple  scatter  formulation  (at  least  to  the  extent  permitted  by  the  Quasi  Crystalline  Approximation);  (2)  The  presence  of  the 
other  scatterers  is  partly  accounted  for  by  considering  the  effect  of  the  pair  correlation  ftinction.  Consequently,  this  calculation 
differs  significantly  from  those  using  a  simple  Bom  approximation.  What  is  not  clear  is  how  much  closer  this  result  is  to  the  true 
situation. 

The  paper  by  Jeske  and  Voss  presented  the  results  of  a  Monte  Carle  numerical  simulation  of  propagation  through  rain. 
For  long  paths,  propagation  at  millimetre  wavelengths  may  well  require  that  multiple  scatter  be  considered,  but  the  volume 
fraction  occupied  by  raindrops  in  a  normal  rainfall  is  not  high  enough  to  require  the  inclusion  of  pair  correlations. 

The  three  papers  presented  calculations  with  three  different  levels  of  accounting  for  multiple  scatter.  The  paper  by 
Borghese  and  his  colleagues  used  the  single  scatter  Bom  approximation  appropriate  for  sparse  distributions  and  optically  thin 
media.  The  community  is  well  aware  of  the  .'.act  that  even  for  sparse  distributions,  if  the  optical  depth  is  large  enough  and  the 
albedo  is  high  enough,  multiple  scattering  solutions  will  be  required.  The  paper  by  the  Varadans  and  Ma  postulated  a  dense 
medium  and,  therefore,  knowledge  of  the  pair  co-relation  function  was  required  in  addition  to  multiple  scattering  solutions. 
The  degree  to  which  the  particular  treatment  used  in  this  paper  reflects  the  truth  for  a  medium  with  lossless  scatterers  remains 
to  be  demonstrated.  Finally,  the  paper  by  Jeske  and  Voss  treated  the  situation  where  the  distribution  of  particles  was  sparse 
enough  so  that  pair  (and  higher  order)  correlations  could  be  neglected  while  higher  orders  of  multiple  scatter  were  calculated. 
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SELECTIVE  EXTINCTION  OF  A  DISPERSION  OF  SINQLE  AND  AGGREGATED  LAYERED  SPHERES 

by 

F.  Bcrghese,  P.  Denti,  R.  Saija,  G.  Toscano 

University  dl  Messina.  Istituto  dl  Struttura  della  Materia,  981OO  hessina,  Italy 

and 

0.  1.  Sindoni 

Chemical  Research  Development  and  Engineering  Center,  Aberdeen  P.G.,  21010  Md,  USA 


Summary 

The  extinction  coefficient  for  a  low-density  dispersion  of  small  stratified  spheres 
as  well  as  for  that  of  their  binary  aggregates  has  been  calculated.  We  discuss  the 
results  for  SO  X  spheres  with  a  core  of  MgO  and  a  coating  of  Ai,  a  case  in  which  a 
dramatic  shift  of  the  resonance  peaks  as  a  function  of  the  thickness  of  the  coating 
occurs.  This  suggests  that  a  suitable  choice  of  the  thickness  could  produce  selective 
extinction  in  a  wide  range  of  "frequency ,  although  this  effect  could  be  strongly  weakened 
if  a  considerable  percentage  of  spheres  aggregate. 


#  #  * 

In  this  paper  we  describe  and  discuss  some  results  from  a  series  of  calculations 
aimed  to  the  study  of  the  propagation  of  electromagnetic  waves  through  a  dispersion  of 
small  identical  nonhomogeneous  spheres  as  well  as  through  the  dispersion  of  their  binary 
aggregates  with  random  orientation.  More  specifically  our  purpose  is  to  see  how  the 
extinction  coefficient  of  a  low-density  dispersion  of  spherical  scatterers  is  affected 
by  their  inhomogeneity;  we  wztnt  also  to  gain  some  information  as  to  what  extent  the 
aggregation  modify  the  effects  due  to  the  inhomogeneity  of  the  scatterers. 

The  propagation  through  a  dispersion  of  (possibly  inhomogeneous)  spherical  objects 
is  easily  studied  for,  in  the  low-density  limit  we  deal  with,  the  extinction  coefficient 
is  given  by  the  sum  of  the  extinction  cross-sections  of  the  individual  scatterers'1'. 

When  the  spheres  aggregate,  however,  the  resulting  complex  scatterers  are  intrinsically 
anysotropic  so  that  their  individual  cross-sections  depend  on  the  orientations  with 
respect  to  the  incident  wave.  We  describe  elsewhere'2'  in  full  detail  how  this  difficulty 
can  be  overcome  by  a  suitable  extension  of  che  multipole-field  approach  for  complex 
scatterers  built  as  aggregates  of  spheres  we  developed  previously'-5'.  In  summary,  we 
used  the  transformation  properties  of  the  multipole  fields  under  rotations'4'  to  cast  the 
cross-section  of  an  aggregate  into  a  form  that  makes  possible  to  perform  analytically  the 
sum  over  the  orientations  needed  to  calculate  the  extinction  coefficient  of  the  disper¬ 
sion. 

The  inhomogeneous  spherical  scatterers  we  deal  with  were  built  as  a  sequence  of 
concentric  homogeneous  shells  of  different  dielectric  properties.  Between  each  pair  of 
contiguous  shells  we  introduced  a  thin  transition  layer  within  which  the  dielectric 
function  varies  in  such  a  way  as  to  ensure  the  continuity  of  1  and  of  d«/dr  throughout 
the  whole  scatterer.  Thanks  to  this  choice  we  were  able  to  calculate  the  field  within 
each  sphere  by  numerical  integration  of  the  appropriate  radial  equation  -  according  to 
the  technique  of  Wyatt'5'  -  rather  than  by  using  the  customary  boundary  conditions  at  the 
surface  separating  shells  of  different  dielectric  properties.  These  latter  were  described 
by  simple  dielectric  functions,  viz.  the  Drude  dielectric  function  for  the  metallic 
materials,  and  a  damped-oscillator  dielectric  function  for  the  insulating  materials'6'; 
we  were,  in  fact,  interested  in  those  properties  that  depend  on  the  inhomogeneity  of  the 
scatterers  rather  than  on  the  details  of  the  dielectric  function. 

Our  calculations  were  performed  for  several  choices  of  the  inhomoneneity  of  the 
scatterers  and  we  report  here  one  of  the  cases  which  gave  significant  results.  We  refer 
to  a  dispersion  of  spheres  with  radius  of  SO  X  composed  of  a  dielectric  core  of  MgO 
coated  by  a  layer  of  Al.  We  also  report  the  results  for  the  random  dispersion  of  the 
binary  aggregates  of  these  spheres.  The  quantities  we  actually  drew  are  gsp- ysp/s  and 
g»y/S  as  a  function  of  r=*y«p  ,  ySP  being  the  extinction  coefficient  of  the  dispersion  of 
independent  spheres  and  that  of  their  binary  aggregates;  S  is  che  sum  of  the  geometri¬ 
cal  cross-section  of  all  the  spheres  in  the  dispersion  andttpthe  plasma  frequency  of  Al. 
We  notice  that  the  above  mentioned  normalization  of  y,p  and  of  y  makes  our  results 
independent  of  the  number  density  of  the  dispersion,  provided  it  is  sufficiently  low  as 
to  render  negligible  the  multiple  scattering  processes  among  different  objects.  In  fig. 

1  we  drew  gsp  (solid  lines)  and  g  (dashed  lines)  for  four  values  of  the  thickness  of  the 
coating,  viz.  4,  8,  16  and  32  A.  in  figure  2  we  report,  for  the  sake  of  completeness, 
gSP  and  g  for  spheres  of  aluminum  only.  An  examination  of  figure  1  shows  that,  for  any 
value  of  the  thickness  the  spectrum  of  the  extinction  coefficient  for  the  dispersion  of 
(independent)  spheres  presents  two  resonance  peaks,  one  at  a  lower  and  the  other  at  a 
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FIGURE  1  Extinction  coefficient  for  spheres  of  MgO  coated  by  A1  wi$h  radius  50  X.  The 
encircled  numbers  refer  to  the  thickness  of  the  coating: (l)»4  X,  (i)=8  X, 
(|)-16  X,  @«32  X.  The  solid  lines  give  gsp  ,  the  normalized  extinction 
coefficient  of  the  dispersion  of  independent  spheres,  and  the  dashed  lines 
give  g,  that  of  their  binary  aggregates.  v=<u/e>p. 


higher  frequency  than  that  of  the  single  peak  at  0.57  »p  which  is  characteristic  of  a 
50  X  sphere  of  aluminum  only  (compare  figure  2).  Furthermore,  when  the  thickness  increa¬ 
ses  the  resonance  peaks  tend  to  converge  ( at  a  decreasing  rate )  to  the  single  peak  of  the 
only  aluminum  sphere.  It  is  also  worth  noticing  that  the  relative  importance  of  the  two 
peaks  tends  to  exchange  when  the  thickness  increases.  In  fact,  for  small  thickness  the 
most  important  peak  is  that  at  higher  frequency,  while  for  large  thickness  the  peak  at 
lower  frequency  becomes  the  most  important  one.  Thanks  to  the  smallness  of  the  spheres 
the  frequency  of  the  peaks  reported  in  figure  1  is  in  fair  agreement  with  that  calculated 
from  the  surface  resonance  conditions  of  Frbhlich' 7 ',  written  for  the  effective  dielec¬ 
tric  constant  proposed  by  Van  de  Hulst  to  take  account  of  the  inhomogeneity  of  the 
scatterers'  ® .  This  is  shown  in  figure  3  where  we  drew  the  resonance  frequency  as  a 
function  of  d=t /q  ,  t  being  the  thickness  of  the  coating  and  q  the  radius  of  the  spheres. 
Since  far  from  resonance  small  spheres  have  a  negligible  extinction,  scatterers  of  this 
kind  could  in  principle  be  designed  to  produce  selective  extinction  at  any  frequency 
within  a  wide  range  through  a  suitable  choice  of  the  thickness  of  the  coating. 

When  we  consider  the  extinction  coefficient  for  the  dispersion  of  binary  aggregates 
(dashed  curves  in  figure  1),  the  most  evident  feature  is  the  duplication  of  the  peaks  as 
we  already  noticed  in  our  previous  work*3).  Thi:i  duplication  is  particularly  evident  for 
the  lower  frequency  peak  of  the  independent  spheres.  As  a  consequence,  if  a  considerable 
percentage  of  the  spheres  aggregate,  any  selective  extinction  they  are  designed  to  produ¬ 
ce  could  be  strongly  weakened.  We  remark  that  we  got  a  similar  result  by  substituting 
the  coating  of  aluminum  with  one  of  silver.  The  specific  results  are  not  reported  for  the 
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FIGURE  2  ( left ) :  Extinction  coefficient  for  spheres 
of  Ai  with  radius  of  ho  X.  The  solid  lines 
give  g,,  end  the  dethed  lines  give  g.  v«<w'a> p. 


FIGURE  3:  Frequency  of  the  two  resonance  peaks,  vres, 
expected  for  spheres  of  MgO  with  a  coating 
of  Al  as  a  function  of  4=t/g  .  The  scale  on 
the  left  refers  to  the  solid  line  and  that 
on  the  right  to  the  dashed  line. 


spectrum  of  the  extinction  coefficient  is  not  significantly  different  from  that  of  fig.1. 
Anyway  this  proves  tnat,  as  long  as  the  Drude  dielectric  function  can  be  effectively 
used  to  describe  the  behaviour  of  the  metals,  the  extinction  is  only  slightly  affected 
by  the  choice  of  the  parameters  and  specifically  by  the  choice  of 

The  dramatic  mobility  of  tiie  peaks  described  above  is  not  peculiar  of  the  MgO-Al 
spheres  as  is  clearly  indicated  by  our  preliminary  results  on  the  extinction  of  a  disper¬ 
sion  of  50  X  spheres  composed  by  a  metal  core  coated  by  a  different  metal.  In  particular 
we  found  that  the  amount  of  shift  of  the  peaks  as  a  function  of  the  thickness  of  the 
coating  as  well  as  the  relative  intensity  of  the  peaks  depend  largely  on  the  ratio  of 
the  plasma  frequencies  of  the  metals  involved.  A  suitable  choice  of  this  ratio  could 
ensure  even  in  this  case  a  selective  extinction  within  a  large  range  of  frequency, 
although  the  aggregation  should  weaken  the  extinction  just  at  the  frequencies  where  the 
independent  spheres  present  a  maximum. 

We  did  not  investigate  thoroughly  the  effect  due  to  the  aggregation  of  three  or 
more  inhomogeneous  spheres:  as  it  is  easily  understood,  the  geometry  of  the  aggregation 
plays  a  fundamental  role.  According  to  our  previous  calculations  on  aggregates  of 
homogeneous  spheres*  9  the  spectrum  of  the  extinction  coefficient  becomes  more  and 
mere  complicated  with  increasing  complexity  of  the  scatterers.  Although  this  subject 
cannot  be  discussed  in  general  terms  any  geometry  of  aggregation  produces  a  system  of 
peaks  around  the  frequancy  cf  those  of  the  independent  spheres.  Ultimately,  however, 
even  ids  high  degree  of  aggregation  cannot  produce  a  mobility  of  the  extinction  peaks  as 
high  as  that  due  to  the  inhomogeneity  of  the  spheres. 
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MFLBCTIVITK  BIBCTMMUMRIQUB  D'UM  MILIEU 
ALBATOIRB  INHOMOBBMB  CQMTIMU  A  SYtfcmtlB  CYLINDRIQUC 

□.  Hulltr,  F.  Nollntt  (•) 

0  -  HmtOOUCTIOM 

Pour  la  calcul  do  la  reflactlvite  electromagnet lqua  d'un  milieu  sieatolr*  i 'usage  eat 
da  atparar  la  rdflectlvite  d’un  mlliau  noyau  da  cello  das  fluctuation*  da  ce  milieu,  qul  aa 
rivals  preponderant*,  at  qul  ast  done  souvant  Studies  aaule. 

Dans  la  caa  d'un  milieu  a  partaa  (plasma  suppose  sous-dansa)  at  dans  das  etudes 
anterlauraa,  11  a  ete  mis  an  evidence  da  fortes  interactions  ontre  la  milieu  moyan  at  las 
fluctuations.  On  s'est  done  propose  dans  1 'etude  actuelle  d'dvaluer  la  reflacttvlte  das 
fluctuations  du  milieu  an  prenant  pour  champ  Incident  la  champ  61actrcs<agnetiqua  crea  par 
laa  aourcos  dans  Is  milieu  moyan  exempt  da  fluctuations.  Cecl  equlvaut  i  sommar  toua  las 
tames  da  la  serta  da  Born  calcuiea  avoc  la  champ  Incident  crSe  dans  la  vide  at  lncluant 
una  saute  Interaction  avac  la  milieu  aieatolra  at  un  nombre  quelconque  d' interaction*  avec 
la  milieu  moyan. 

1  -  OKBCRIWIOW  DU  jBLigi  BTUP1B 

Ce  milieu  ast  un  plasma  Ionise  lie  a  un  Ocoulement  fluids  colcuie  dans  l'hypothesa 
d'un  mouvamant  moyan  e  symetrla  axiale.  Las  hearts  antra  la  mruyanent  real  ou  las  caracte- 
rtstlques  physiques  effectives  du  milieu  at  les  donnSes  fournies  sont  considers  comma 
aieatolras  at  apprehandds  4  travera  plustaurs  modeiss  de  turbulence  qul  ont  ete  ou  seront 
tastes.  On  suppose  done  connuas  l'lntsnalte  ot  la  lol  de  correlation  das  fluctuations  de 
vlteaae  at  d'lndlce  complexe  an  partlculior  anus  une  forme  spectral*.  Ce  n'eet  pas  l'objet 
du  present  expose. 

La  plasma  a  das  caracterlstlquao  moyan nes  at  alSatoires  qul  variant  rapldament  avec  la 
distance  e  l'axe  pour  tendre  vers  celles  do  l'alr  anblant.  at  lentement  dans  la  sens  longi¬ 
tudinal.  Les  calculs  exposes  sont  falts  1  oca  lament  et  tupportds  4  1 'unite  de  longueur  de 
In  configuration  qua  1'on  admet  pour  cels  invariants  longl tudlnalement . 

2  -  MgTHOUK  MATHBMATIQtIB  DB  BASE 

Las  equations  da  Maxwell  pauvant  s'ecrlre  sous  la  forme  (equation  de  Helmnlta  vacto- 
rlellc) 

(1)  V  xV  X  E  -  =0 


(On  adinettra  dans  la  suite  qua  la  permeab'lite  relative  ast  hgale  4  l’unite), 
Ou  encore  an  Introdulsant  une  permllt'vlte  de  reference  £* 


V  X  V  X  E  -  k'tl  E  r  (t* -£•**)  & 


On  deflnlt  une  suite  u'  Squat  ions  approchdes  (methods  de  Bom) 


5»V  «  E,  -  E... 

S7x7  X  .  C(k-s;)Ec 

VuVx  -  -  V  'CC  ( E>,  -  &($■■£)(  ) 


ob  B  ,  B- ,  ....  B  sattsfont  aux  conditions  aux  Umltes  sur  la  surface  del lml tent  la 
plasma  at  4  1  'lnflfll . 

La  limits  dss  suites  S  -  (B  ♦  B  ,  ♦  — -  »  E  )  si  alls  exists  ast  la  soluticn  char 'h4e . 
La  cas  tnterasnant  ast  le  oas  ob  ¥*”*4?®*  )  ast  une  bonne  approximation,  e'eot- 


4-dlra  ob  les  restea  con eapondants  (Et  ♦  — -  *  5*,  )  sont  negligeablas  quel  qua  aoit  (n). 
Bn  pratique  on  vdrlfia  qua  eat  d'ur  ordre  de  grandeur  lnferlour  4  . 

2.1.  Champ  avec  un  milieu  de  r4f4rence  homogSna 

La  cas  la  plus  simple  sot  ceJul  ob  on  prend  (  bj  )  constant;  dans  ce  cas  1 'equation 
d'ordre  to)  admet  las  solutions  psrticul tenement  simples  : 


fc.  -  Vx  (A  e,  *  \ 


(onds  plans^da 
direction  1  ) 


(*)  Socl4t4  NOTH ESIN,  LA  Boursldiera,  RN  186,  91357  LB  PLESSIS-ROBINSON,  FRANCE 
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•j?  — *  . 

E0  =  V  a  (  A 


)(onde  ephArlque  de 
contra  Ml 


D'autre  part  1 'Aquation 


admet  la  solution 


N7  *  v  x  e  -  iue  ^  $(*.c )EC 
-+i  jA-Cj 

^  =  7  (T?  >  , 


M  rr  [A  -  A. 


h  ••  .  'oi,  X  TT* 

f 

E*  -  ?kV  x  ff 

to  fonctlon  C  (r,  r  1  esc  appal  So  fonction  da  Groan.  On  an  dAduit  It  solution  de  l'Aquatlori 
d'ordra  (l) 

E,  -  I'vxVkIM'.)-1)  77]z7?i  ^ 


at  dans  la  cas  oi:  £f*  1 


E,  - 


Cv  *V‘ 


KtM-O  » 


viK-C| 


‘fir  |>T  | 


£4SC 


On  pout  Agalensnt  Acrtre  (5)  sous  la  forma 


K  -  ?T  ■+  *  £ J  V*  V*|lA(V-^N] j-*7f 


da  fagon  4  sAparer  up  terms  moyen  at  un  forma  alAatolre.  Pour  celul-ci  lc  rAaultat  de 
1 1 IntAgrat ion  sat  nul  an  moyanna  puisque  lr  valeur  moyanne 


<'.("•)-  &(«.)> 


est  par  dAfinition  nullc 


2.2 .  Section  bfficaca  avacun  alllau  da  rAfArence  hnnoitAne 

Admatvcns  un  champ  (E  )  qu’on  appello  champ  incident  at  qul  an  latt  correspond _J 
una  excitation  ImposAe.  Le°champ  total, comprand  an  plus  un  champ  diffrrctA  El  dont  d. 
est  aupposA  una  bonne  approximation.  Eq  est  dp  _la  forme  :  0  1 

-»  ~  *  -J.  *  - 1  -r  -* 

=  A  e  ,  i . A  -O 


On  dAf^nit  la  section  efflcaco  par  1'AgelitA 


I  V 

q  t«it  <JwJ|E,(v,f)iV,|  }> 


qua  l'on  tent  auaat 


s  <  j  hm**  (  E<  (*i^)  AV.P-,  (A.,C;)dVj> 

Bn  reaplaqant  E.  par  son  expression  on  *4par*  1' integral*  an  4  taraaa  dont  2  aau lament 
na  aent  paa  nulsan  noyann* 


;  jcrvkii?/) 


_  fMS'V 

If  .  ut  <  ***\&lfy*W^  qy3,  -^(A*  5qr*j» 


la  praal4re  Integrals  a  una  valaur  axacta  at  c'aa?  la  contribution  du  milieu  moyon  n*glt- 
•aablo  d'apre*  laa  calculi  fatta  4  ca  Jour.  La  aaconda  a  una  valour  aieatotr*  dont  on 
calcula  una  valour  anyunna  at  c'oat  la  contribution  du  aillcit  ilOatolre. 

Sou*  certain**  condition*  on  paut  ddflnlr  lea  fonctlona  da  correlation 

j  ( ((,■!  -  £■(»■])(«(..•)  -  ityfc'p-*)  *  n.  (?-!••) 

at  la  apactia  do  correlation  , . 


%  (*)■  M'j  M*)*  d‘; 


Laa  condition*  aont  qua  la*  Integrates  Sorites  tandant  vara  una  '.la! to  dan*  un  doaalne 

|  |  s.  |  J?1  -X"  J  <$.  S/u 

OL  it ant  tal  qua  laa  proprtet*a  moyonnoa  at  al*atoires  du  a! lieu  pulaaant  atro  consider*** 
coaaa  conatantaa  dans  ca  doaalne  ou  plur  g*n*ralamant  qua  laa  valeurs  das  Integrates 
dependant  pau  da  l'extdrlaur  da  ca  doaalne.  A  _ _ 

SI  jji  s<]pet  qua  1  'observation  aa  fait  dana  una  direction  k,  jgr  -  r'  #  r  -  r* ,  on  a  alora 


SI  gji  atjpet  qua  1  'observation  aa  fait  dana  un*  direction  k,  H  r  -  r  •  #  r  -  r",  on  a 
k  |r  -  r'|  ■  r,  .  Ir  ■  r'l  at  an  falsant  1*  chtniaant  da  variables 

A?.*-*’  ,  A Z*U&**) 

2.2.1.  Sl_la_mt 1 leu_hoao|ane_est _la_vlda 

<  «]"«-*  1 *  *  £ «  a 


conpte  tanu  qua  la  facteur 


at  qua  las  terms*  provenant  da  la  derivation  da/— Isont  das  Inflnimnnt  patlts  d'orl.-e 
supdrleur  a  I'axprasalon  ratanua  ' 

*.2.2.  SI _ 1 *_■! l lau_de_raf arenco^ea t_hoaogana_a t _le_d l atac t r lgue_4_gar t as 

La  surface  afftcaca  ast  una  Integrals  double  da  volume  obtanus  4  perttr  du  produit 
d'une  integrals  da  volume  simple  par  1' Integra?.*  das  quant  1  tea  conjugueas 


La  quant  It*  conjugu*e  da  : 


n'eat  plus 


/<r* 


UW  -</♦*  (K-iV) 

/*X-0 

r  ~  t  &  on  fait  ap| 


apparaltra  un  facteur 


da  aorta  qu'an  posant 
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p,  .PrC-C)  4<-(i-Cr 

S  *  « 


L’ lntAj rstlon  an  (r1  -  r*)  far*  done  apparaftra  la  fonctlon  apactrala  da  1*  partis 
rAalle  daa  noabraa  d'ondae  : 

<t>  (I  ft  -  I)  ■-  fG*./C-C)i) 

Dans  1 ' IntAgrat ion  an  T.fi'Ma  la  deuxlAma  partis  du  factaur  F  sera  unltalrs  pulsqus 

I'axpoaant  a'annuia.  Drbo  la  transposition  du  cas  oil  Is  milieu  da  reference  etal  t  la  vide. 

Par  alllaura  la  potential  da  rediffualon  n'aat  plus 


3.3.  Extension  an  cat  d'un  ail  lieu  h*t4ro«4na  4  parte* 

On  a*  place  dans  l'eaprlt  da  ca  qul  a  at*  rappel  A  prAcAdeamant .  II  a'afit  da  calruler 
la  champ  (E  l  at  la  champ  (K  )  de  la  solution  renorrtllsAe  par  rapport  au  milieu  moyen  : 
cecl  sera  fait  dans  la  cadrs^d'approxlmationa  numAriques  expose**  plus  loin  (discreti¬ 
sation  du  milieu),  las  Aquations  da  base  Atant  : 


3.3.1.  Pgur_l*_ch*me_§0 

Calut-ci  dolt  satlafaira  A 

C.K) 

(ia.4tant.la  permitttvltA  moyanna  locals),  at  sa  confondre  A  l'lnflnl  avac  une  onde  plana 
donnAe  (B*)  dtta  *  onde  tncldanta  A  1'irftnl  *. 

3. 3.3,  Pgyt.iS.ghAmg^Bj 

La  champ  (?(  ♦  B^ )  dolt  satlafaira  A  : 

V  x  V  x  (  ?„  r  f.)  -  4X  ( E,  tS.)  -C  [K.  6<.’l  t 

qul  act  1 'approximation  sutvanta  du  problAma,  at  A  la  rAductlon  A  l'lnflnl  au  champ  (*  *). 
Compte  tanu  de  la  HnAarttA  du  chaaip,  si  on  ditlnlt  das  axpresslons 

V  «.{*')  AE,, 

■r  ^i,  y 

AC  •  Atant  un  champ  Agal  A  B  dans  un  petit  vq^uma  i  A*  au  volslnage  de  r^'  et  nuls  A 
1'axtArteur,  s'il  y  correspond  des  champs  ftE,  contlnua  dana  tout  I'espace  et  aatiafalsant 

V  XV  X  {*,*'))»  V'€r 


store 


£  (S. S' M  a.  £;{?,?•) 


ou  *1  les  champs 


/\  sont 


rapportAs  A  des  volumes  unltaires 


E,  (V 


a 


calcot.  mb  cun** 


a.l.Coordonntas  cvllndr louse 

La  calcul  da*  champ a  aara  aunt  an  coordonntas  cyttndrtquaa.  On  a  choial  una  methods 
da  dtaerdttaation  du  milieu  moyen  an  una  atria  d'annaaux  cylindrtquea  homogSnes,  da  aorto 
qu'on  a  tntrodutt  una  interface  antra  deux  ailliaux  diacretiada  auccaaatra.  Par  contra. laa 
caracteriettquaa  turbulantaa  n'ont  paa  atA  discrttlsAes  paral laiaaant . 

On  aalt  qua  tout  champ  paut  ttra  reprtsenta  comma  dirlvant  d'un  coupla  da  potantlala 
axtaux  :  un  potential  TM(F)  at  un  potantlal  TB  (G).solt  2  l'axa  da  aymatrie,  «  la  distance 
i  l'axa,  Y  1«  coordonnda  angulaire 


E,  a  -1-  Vf  .  i  T>Jr 
'  f 

Eu,  51P  v  'it- 

T  -*} 

E.  s  —  {  a-  *l\  \~ 

H  :llF  tl 

f  *  f 

7)^ 


*  - 

•V 

■i 

H 

B 

i ' inf  ini 

■vec  ie  chai 

•» 

-#  -  i  % 

=; * 

e-  -  * 

H;*  = 

’  +* 


•  V«C  _ 

On  charcha  done  una  solution  dans  chaque  domains  hoaogAne  sous  la  forme 


,  *.  ^  r*  u«.j*  t'Y 


*:-o 


Las  conditions  t  chaque  Interface  sont  la  continuity  des  4  composantes  du  champ  (E  ,  H  , 

E  f  ,  Hy).  La  condition  aur  I’cxe  eat  que  le  champ  eat  flnl  et  ne  contlent  que  del  fonctlons 
J.  La  condition  4  l'tnftnl  eat  qu'll  ae  rAduine  au  champ  donnA,  done  que  les  coef f lclentt 
dea  fonctlons  J  solent  caux  relatlfa  4  ce  champ.  Pour  (1)  Interfaces,  11  y  a  (HU  milieux 
et  (41)  conditions  pour  (41)  coefficients  tnconnus. (Par  des  prodults  scalalres  par  s  T 
et  Integration  on  peut  Acrlre  ces  aquations  pour  chaque  ordre  (n)  ). 

S.J.  Calcul  des  champs  ^ 

Chaque  element  de  volume  i}\'  sous  1' Influence  d'un  champ  Incident  E  donne  un 
potent  tel  _  ° 

-a  -  ^  **M***,| 

P  :  £,  t  _ 

|n.  .  A1  ( 

On  oaet  le  tacteur  —  |~_«\dans  ce  qul  sult.Ceci  pout  encore  s'Acrlre  an  coordonn4es 
cylindrlquea  :  ',w'tv  > 
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P  .  Up  * 


i  j  <*„  E 

*4-1 


Mv-rty**- 


Pour  chaque  vcleur  de  k,^  ■  *  «t  ti  "^P  "  on  88  propose^de  determiner  un  champ  (F^.G*1) 

qul  soit  equivalent  an  fr1  )  au  champ  cr4e  par  le  potentle_l  4-  P  . 

Bn  aommant  toua  caa  champs,  on  obtiendra  done  le  champAC«(w)  finis  par  la  "  source  *  E^A^t-' 
pour  la  valour  («).  La  aaule  valeur  de  ce  champ  qul  nous  lntdresae  eat  la  valour  A  l1 Inf  ini 
dans  la  direction  d  observation.  Bile  peut  done  4tre  fivalufie  par  une  expression  asymptotlque 
qul  ne  fait  lntervenlr  que  lea  valeurs  statlonnalres  da  w.  On  peut  montrer  qu'll  n'en 
lntervlent  qu'une,  4  aavoir 


4 


correspondent  au  point  d'obaerv&tlon  4  1' Inf  ini. 

Pour  cette  valeur,  on  affects  4  chaque  milieu  un  potentiel  axial  contlnu  lndfitermlnfi  (f',G*| 
de  la  forme  lndlqude,  et  4  ce  champ  on  ajoute  dans  le  donmtne  de  la  "  source  n  celul  qul 
eat  dfirlvfi  de  F  (  ou  de  dP  ).  Lea  condl t ions  aux  Interfaces  permettent  de  determiner  tous 
les  coefficients  (le  potentiel  P  n'tntervlent  expllcltement  que  sur  les  2  Interfaces 
volslnes) . 


3.4.  Expression  du  champ  diffracts  A  l'lnflnl 

Dans  le  domalne  dlscrfitlsfi  extfirleur  un  a  vu  que  le  champ  dlffraclfi  done  les  potentials 
ne  contenaient  que  des  f one t ions  H,  suit 

■Wr  n 


(f.Y.-v)  -- 


Ces  expressions  sont  asymptot iquement  Squivale’- tes  & 

r 


6-  h  v,r^  \j"£vw*v  ® 

Si  le  point  d'observatlon  a  les  coordonnfies  r,  0  la  phase  eat 

<$>  -  ip  ('  -  fw  0  l/VStA  4-  w  Cth  &  ^ 


A  [\fii\w1  -  Y  }  +|w  (i. -  L'j 


elle  eat  done  a *n t lonnai re  pour 


i  r  4, 
f  w 


w  ivA  6 


O 


30 i  t 


W 


i.i«e 


Pour  cette  valeur  la  dfirlvfis  secorde  vaut 


K _ 


L'Svaluation  asyraptot  iqut>  de  l*int6grale  est  la  valeur  de  l*intdgrant  pour  cette  valeur 
multi}  i6e  par 
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h  _  V***  ('f-tf') 


Ef  - 


i  *r 
■*'  %*>£’ 


'  **  vuoe  v  ^ 

,  ,  n,,, 

c\  v  <  »ir.  X  4  *-  9 

Ces  composantea  pauvent  Atre  proJetAes  aur  las  directions  radlale  (  composante  nulla) 
tranaversala  mArldlenne  at  transvarsala  perpendlculalre  au  plan  mArldlen. 

3.S,Calcul  da  la  section  afflcaca  t-ihsarvat Ion  4  l'lnflnl  ) 

3.5.1.  Express lon_dg_ base 

La  champ  AS,  pent  Atre  mis  sous  la  forme 

Af,  - 

■<»  £(V) 

ce  qul  permet  da  sAparer  un  facteur  alAatolre  d’un  facteur  dAterminA. 

La  section  afflcaca  a'Acrit  : 

,>  > 

SI  on  calculait  cette  expression  avac  une  double  Integration  an  volume,  on  feralt  appa- 
raltre  la  fonctlon  da  correlation  spatlals 

3.5.2.  Express ion_slragl If  Ida 

Cbpendant  on  cherche  4  limiter  le  calcul  4  une  seule^intggratlon  apatlale;  pour 
cacl  on  fait  nno  hypothAae  aur  le  comportement  du  champ  E  (?  ,  r’)  au  voialnaga  du  point 
r1,  hypothAae  blen  entandu  vArlflAe  lorsque  le  milieu  eat  horaogAne.^Ce  comportement  pro- 
vlant  da  2  ph4nom4nes  qul  se  produisent  quand  on  ddplaue  le  point  (r1)  : 

-  D'une  part  11  y  a  le  dAplacement  da  ce  point  dans  le  champ  fixe  Bv  :  celul-cl  peut 

Atre  conaidArA  comma  localement  plan  dar.s  la  plus  grande  partle  de  l'eapace  d'oA  la 
relation  de  volalnsge  :  -* 

-a  - 

Le  vecteur  d'onde  V  a  1'lntensltA  locale 

'k  -  k  M  . 

et  11  est  perpendlculalre  aux  surfaces  d'onde  de  B,  et  dlrtgA  suivant  le  sens  de  propa¬ 
gation  de  ce  champ. 

— ►  -+ 

-  D^autre  part  quand  r'  se  d4place  an  r^_.  E,  Atant  InchangA,  le  champ  correspondent 


t\t\  bb}  remp^acA  par  un  autre  champ  et  11  faut  postuler  une  relation  analogue  an 
^ I si  k' J  /XE? jK  E*  f"  J  •  18  oorablnalson  des  deux  phAnomAnes  do 

£, (v, ' 


en 

dormant 
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(qul  est  vdrlflde  pour  un  milieu  homogane) 

Bn  lntrcduisunt  cette  fgrmule  dans  1 1  expression  do  la  section  efflcace,  et  en  effectuant 
1 1  Integration  en  (?'  -  r")  on  obtlent  done  : 


r-%  &  1  K- 

^  dtant  la  fonctlon  da  correlation  spectrale  des  fluctuatlono  de  [£.r)- 

En  cas  de  rdtrodlffuaion,  c’est-4-dire  pour  un  point  d' observat Ion  4  l'lnflnl  (r)  dans  la 
direction  dont  provlent  "  I'onde  Incidents  4  l’lnflnl  ",  lea  rayons  incidents  et  dlffractes 
vers  (r)  coincident  et 

^  a 

I  £  -  C  i  = 

3.5.3.  §xgresslons_algebrlgues 

-  Integrations  das  sections  efflcaces  locales  : 

L '  express  iori  de  la  section  efflcace  est  done  en  rbtrodl  f  fusion 

r-T  ■  & 

La  bolutlon  eiaborbe  dans  les  axes  cyllndrlques  pour  le  domalne  contenant  le  point  d’obser- 
vatlon  est  .forme  asymptot lque )  „  , 

Fi  ,  v  l 

-A  s  * 


L’lndlce  (1)  ddslgnant  la  coordonnea  spatiale  envisages.  Dans  le  calcul  de  E  on  a  trouvd 


^  A 


•'  4 


Or  on  peut  obtenir  les  coefficients  A  A  condition  de  calculer  le  champ  E-  pour  chacun 
des  modes  (m)  du  champ  bq. 

Dana  ces  conditions 


i  s  a1* 

r/ .  Qr.  J  2.  ^  2.  ^ *'***'  *'  **  /(itr|L 


-  Integration  angulalre 

Par  convention  on  ddflnit  une  section  lindlque 
les  termes  ne  vdriflant  pas 

n  +  m, »  n'  +  m1 

De  sor te  qu '  1 1  rests 


locale.  L' Integra ;  Ion  en  ^'est  nulle  pour 


1  W  4,(0/l‘Wiv 

+  *  a 
W+M  ) 

'*♦>**' 

Oi '  4-*H  * 
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Let  fonctlone  R0  et  I^dAslgnint  les  parties  rAelles  et  lmaglnalrea  de  1 'argument. 

-  Integration  radlale 

Cette  transformation  des  expresalons  limitant  1 ' lr tAgrat Ion  numArlque  A  1 1  Integration 
radlale  eh  (  f).  Bn  pratique  un  Achantillonnage  en  (-f)  est  dAflnl  dans  chaque  domalne 
diacrAtlsA.  Lea  caractAristlques  *  spectrales  *  n'ont  pas  besoln  d'etre  dlscretlseea  de  la 
mAme  fagon  que  les  caracterlstlques  de  refraction,  de  sorts  que  le  coefficient  local 


f(*v  Miilp 
l^lrT 


prend  la  valeur  determinee  au  point  echantlllonne  sans  modification. 

4  -  ANALYSE  DBS  PB8DLTAT8 


4.1.  Reeultats  globaux 

On  ohtient  d'une  part  les  sections  efficeces  linAIques  pour  des  conditions  d'ionl- 
sailon  et  de  turbulence  diffArentes.  qul  as  roncontrent  aux  dlverses  positions  longlludl- 
nales  d'un  m6me  Acoulement. 

Avec  le  calcul  ordinaire  la  retrodlf fusion  turbulente  est  maxlmale  aux  nlveaux  d1 Ioni¬ 
sation  et  de  turbulence  los  plus  forts  et  dlmlnue  trAs  nettement  et  fortement  en  mAme 
temps  que  ces  paremAtrcs. 

Avec  le  calcul  actuel  “  renormal isA  "  par  rapport  *  un  milieu  moyen  de  rAtro- 
dlf  fusion  aux  nlveaux  d' Ionisation  et  de  turbulence  AlevAe  est  plus  basse  que  dans  le  cat. 
prdcddent  .  Bile  dlmlnue  trains  avec  ces  paramAtres  pour  rejolndre  les  valeurs  de  1‘autre 
calcul  lorsque  ]e»  nlveaux  sont  trfis  falbleo. 

4.2.  ftAsultata  locaux 

U'autre  part  on  pent  analyser  les  rAaultats  partlels  dans  une  mAma  section  corres¬ 
pondent  A  une  mArae  distance  de  l'axs  (section  efflcace  volumlque  iroyennAe  angulalremsnt )  : 
ces  rAaultats  servant  d'allleurs  au  premier  stade  du  calcul  des  dAcaiages  en  frequence 
(effei  Doppler). 

Du  fall  que  dans  le  modAle  de  turbulence  cholsle,  la  valeur  de  la  fonctlon  spectrale 
eat  maxlmale  aur  1'aj.e,  on  constate  dans  le  ceicul  classlque  que  la  ref lectivitA  volumlque 
est  trAs  AlevAe  au  centre  et  dlmlnue  con t lnuel lament  quanC  le  rayon  p'  crolt. 

Par  centre  dans  le  calcul  "  renonnallsA  "  par  rapport  au  milieu  moyen,  la  rAflectlvltA 
volumlque  est  trAs  falole  eur  1 1  axe  et  augmente  con t lnuel lament  quand  p1  crolt,  pour 
rejolndre  A  la  pArlphArle  des  nlveaux  volains  des  prAcAdents,  un  peu  lnfArleurs  du  fait 
qu'll  a'aglt  d'une  moyonne  entre  des  redif tractions  de  zones  situAos  du  cdtA  de  la  source 
et  du  point  d'observatlon  et  d'autres  zones  placAau  derriAre  l'ensemble  de  1 ' Acoulement . 

4.4.  InterprAtatlon 

Cecl  a'lnterprAte  blen  entendu  par  1 ' intercept  Ion  on  la  reflexion  d'une  partle  du 
rayonnement  de  la  source  par  le  milieu  moyen  conducteur,  q,.l  alfalb’lt  la  rAemisslon  locale, 
lc  rayonnement  diffractA  Atant  A  son  tour  affalbll  A  la  traversAe  dos  mAntea  zones  de  oe 
milieu.  Si  lea  volumes  dont  on  consldAre  la  diffraction  sont  placAs  A  la  pAriphAria  de 
1  ' Acoulqmont  et  du  cfitA  de  lc.  source  et  du  point  d'observatlon,  11s  sont  peu  affectAs.  SI 
au  contreire  lie  se  trouvent  dans  la  zona  axlale,  ils  le  sont  beauenup. 

4,4  Conclusion 

Les  rAsultats  ubtenus  amAnenl  A  prAclser  les  conclusions  prAcAdemment  adoptAea 
sur  les  zones  de  valldltA  de  la  mAthode  de  Born  ordinaire  concernant  lea  Acoulements  consl- 
dArAs,  et  qul  se  fondaient  sur  1 '  Avalue  t  loti  de  composantes  des  champs  E  dans  ce  cadre  : 

Ils  montrent  que  le  crltAre  A  retenlr  pour  le  rapport  Ib./e.I  dolt  Atre  rel  at  ivement 
sAvAre.  *  * 

on  penae  que  dans  tons  les  cas,  un  calcul  du  type  de  celul  qul  est  dAftnl  lcl  peut 
donner  une  Avaluation  convenablc  de  la  rAflectlvltA  turbulente. 

Les  rAsultats  dAtaillAs  et  las  jraphlques  correspondents  seront  fournls  lore  de  la 
presentation  orale. 
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5-Xi  Iffalbliwaant  du  myonnaamt  pu  ab*orptioo(*ff*t»  cuaulda  du  trajat  incident  >t  diffrsotd) 

On  ax trait  3 •  l'latdfnnt  da*  ixpr«**ian*  da  «Jl*  facteurt 

<(')*<  L.  M»LvMAvJ*MOU»L) 

qui  a*  fait  paa  r.ntarranir  la  rdflaotiTit*  looala(ni  done  l'axpraaaion  du  spaotr*  da  corral* ti  on),  f  nt  oholai  paur 
qua  ^£}*lqu*nd  la  aiUau  aoyan  aat  la  rid*.  * 

La  aaatlar  cboiai#  aat  4  us  ninau  trka  laaiad  at  trta  turbulant(20  diaaktras  ).Laa  coordonndan  aont  lofmriUaalquaa. 

La  fiqur*  l)  uoatra  un  trka  fort  affaibllaaaaaut  sofas  daaa  la  ion*  oaatrala.Laa  intarfncaa  da  Olaordtiaatloa  aont 
raprdaamtdaa  aa  trait*  mixta*. 

Kffat  Dopplar 

L'intdgration  an  {r'~  r*)  du  §  5-5-2  fait  apyarjn.tr*  un*  contribution  da  chaqu*  voluma  dldacataira .I*a 
point*  plaoda  1  la  ala*  diatanc*  f  da  l'ax*  ont  une  alia  vitsaaa  aopanna  V  aamiblaaant  parallel*  k  l'w*  at  uaa 
ala*  intanaitd  da  fluctuation*  da  vitaaaaa  <T  .Kn  praaiera  approximation  la  vitons*  moyanna  cause  un  ddcallaq*  da 
frlquanea: 

CO  a  -A-kV  <*»&■ 

dost  1a  contribution  k  la  section  effioace  lindique  eat:  * 

drt 4  ***  t«(()  ** 

Cette  formula  de  representation  de  la  denaite  de  reflectivity  lindique  eat  re portae  en  figure  2)  en  fonctioa  de  V 
et  CJ  .On  aauxait  tenir  compte  des  fluctuations  de  vi teases; on  aboutiratt  k  xme  sorts  de  liasage  de  la  courbs  peu 
aeaaible  du  fait  queQ'est  "petit”, et  qua  la  courbe  eat  ddjk  continue. Par  rapport  k  la  figure  1  )on  a  fait  use 
transformation  de  coordonndes  et  tenu  compte  de  la  rdflectivite  locale* 
la  courbe  sup^neur®  re prd sente  lee  rdsultats  claasiques 
la  courba  infdrieure  represent*  les  rdaultata  aetuels. 


r i  CORK  I  I  nrrr 
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Mitffit  global  4  divers  nit— mi  da  l'doonlwsnti 

la*  eectioTjeffloaoee  lladiquee  oalouldes  aont  report  dee  sur  la  figure  j)an  fonstion  da  ladlstanoe  da  oatta 
eeotiea  aa  ddbut  da  l'doniilanent.la  oourbe  suydneuru  donna  laa  anciene  rdsultatq  (lorn  d'ordrt  1  par  rapport  an  vine) 
,1a  oourbe  lnfdrleure  laa  rdaultata  actuals:  la  diffdruoa  aat  > — \ 

tr4a  aaaalbla  laaddlataaant  aprba  la  aona  da  tnnaition(fl4obe()  „  “  \  IZ1  gaS'j'SSi, 

at  dlalaua  pau  1  pau  an  alaa  taapa  qua  I'ioniaation  at  la  tur-  \  ““"™" 

bulaaca.La  courts  traada  aat  oelculdd  avac  3  doaaineal2interfa  \ 

oesJ.Les  orolx  indiquant  daa  rdaultata  obtanua  \ 


arac  daa  diaerdtiaationa  diffdrantaa 


6-fiiscomioa 


othtaa  du  cfaaap  localeasnt 


pour  1'  integration 


Ilia  fait  intarvsnir  deux  circonatances:  \  \ 

-Laa  variations  d'indiea  faiUaa  sur  aaa  distances  na  l'ordra  *"  Tj — \ 

da  la  loaguaur  d'onda.Dana  laa  oaloula  la  longuaur  d'onda  aat  \  \ 

da  l'ordra  du  rayon  utila  da  1* deoulaaaat.il  y  a  done  uaa  diffi-  \  \ 

cultd.qui  aarait  plua  forta  ai  la  variation  continue  dtait  \  V 

raaplaoda  par  une  diacontinuitd  phyaiqua  francha.  \ 

-La  aona  daa  cauatiquas  n'intarviant  paat 

_ kL. J _ _1 _ I-  I - - - 1 - ' 

Id  la  **ul#  diff4r»nc*  optiquf*  r*t«nu»  •ntr*  l'tfcoulea«nt  «t  •  »•  *•  **  m  m  %m  * 

l'aaviro aaa aant  aat  la  conductivitd  dua  1  I'ioniaation, auivant  laa  foraulaa  adoptdes: 

Ob  1* ‘absorption*  la(n)  at  la  "rdfringence"  Ba(n)  aont  dtroitaaant  lidaa. 

On  |(nr4t.aaun,  qua  la  rayon  aoyan  n'aat  coupd  par  la  rayon  infiniaant  voiain  qu'au  deli  da  l'axs.Donc.ai 
I'ioniaation  sat  forta, au  coins  la  points  da  la  cauatiqua  a  aa  contribution  trbs  affaiblie  par  l'abaorption. 

31  au  contraira  I'ioniaation  aat  trie  faibla.catta  points  sat  an  dahors  da  la  aona  active. 

6-2  iConvargsnce  aa  i ' integration  anyr'-r") 

Laa  aatlaatlons  das  OoDallaa  da  turbuianca  d'aprbs  laa  foraulaa  alasaxqusa  aont  lei  da  l'ordra  da  1  m  pour  1  at 

da  2  on  pour  L  au  ulvaau  du  plua  fort  gradient. uaei  aat  una  indication  asass  favorable  an  ce  qui  concerns  ia 

grandeur  du  donaine  a  conaidarer.  f\  figure  a 

a,  M  vaxisucs  da  CT 

o-3  :  Spectre  da  turbuianca  <  l 

On  a  af facte  a  i ' expression  da  Vcn  Karaann  adoptee  un  coaffi-  I  r 

ciant  On  aaxlnum  aur  i'axe.Ceci  tisnt  coapte  da  rdaultata  d'  \ 

1  I  r\ 

un  caioui  inapird  da  aodalaa  apdcifiquaa  concsrnant  laa  dccu-  ^  f  l 

leaents  anvlsagds.Sur  la  courba  4  on  volt  qua  a'aprea  ce  cal-  I  1 

eul  l'utanaita  daa  fluctuations  coaporta  un  ainiuun  traa  /  l  ■  *  \ 

.  |  T  \  j  a 

aooantue  tout  au  debut  da  la  sons  turbuleme  ,aais  ca  craux  j  I  1  c 

axial  aat  pratlquaaent  conbld  a  una  taibla  distance^  die-  h>  1  ^  ^  \ 

natras;,du  fait  da  la  diffusion  daa  iluciuations  urdea  an  aaont  I  T  \ 

daas  laa  sores  4  lort  graaiant.  r  1  A 

i  -uty«L  omuMTs  QLiaaiF.'JBS  j  \  \ 

I'andiioration  das  raaulvats  actuals  depend  an  premier  lieu  j t.j  j  \  ^  (1  \ 

da  nouvaiiaa  raiarencaa  da  travaux  thaonquaa  concsrnant  las  v  \  ^ 

propnatts  aleatoiraa  d«a  Suculeaeni'S  atudida. .alias  qui  unt  I  \  \ 

ata  utiilaaaa  aont  ddj4  anciannaa,at  abordent  la  quoation  ua  |>  \  \ 


1‘intanalta  das  iluctuationa  d' indica,aaiu  aulas  calls 


V 

dl»t*nc*'M  1  "4 
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4»a  oomukuni  da  eaa  tiuetuawiona. 

XI  Hnit  dgalaa* nt  utnMMBt  an  oaioular  laa  obaapa  at  xao  noUui  of n coos*  sana  uiooidtiaatiun  d' 
NflM.k  troinr*  do*  indication*  on  o*  non  nan*  a'ouv.ag*  to  tor  risk  at  WokO'  iapsoanoa  oi  rxknittanuo 
o'uii  ailxau  o  ijHrni  ejriioariquo  sunk  uouuoi  por  un*  aquation  do  Rio.  call  ) 
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SUMMARY 

In  this  paper  we  wish  to  consider  the  effect  of  multiple  scattering,  scatterer  geometry,  statistics  of  the  positional 
anl  orientational  distribution  functions  an  the  propagation  of  time  harmonic  electromagnetic  waves  in  a  medium 
containing  a  random  distribution  of  non-spherical  scatterers.  Some  of  the  features  that  complicate  the  analysis  are  -  (1) 
As  sine  of  die  scanners  is  comparable  to  the  wavelength  of  the  propagating  wave;  (2)  the  volume  fraction  occupied 
by  the  scatterers  need  not  necessarily  be  small;  (3)  the  impedance  mismatch  between  the  scatterers  and  the  host 
medium  need  not  necessarily  be  small.  These  in  turn  necessitate  some  of  the  effects  we  wish  to  focus  on  namely  • 
detailed  modeling  of  acattuer  geometry  and  scatterer  response,  multiple  scattering  effects  and  the  effect  of  correlations. 
We  have  already  addressed  mmy  of  these  factors  {1}  and  in  our  proposed  talk  we  wish  to  present  some  recent  results 
using  non- spherical  statistics  for  the  second  moment  of  the  field. 

In  collaboration  with  Professor  William  A.  Steele  of  Chemistry  Department  at  Penn  State,  we  have  generated 
by  Monte  Carlo  simulation  the  pair  correlation  function  for  spheroidal  particles  as  a  function  of  the  distance  between 
them  and  rive  direction  of  the  vector  joining  their  centers.  At  present  we  are  generating  the  pair  correlation  function  for 
randomly  oriented  spheroids  and  are  also  considering  the  effects  of  inter-particle  forces  as  well  as  higher  order 
correlation  functions  for  clusters  of  particles.  All  of  these  have  been  incorporated  into  the  multiple  scattering 
calculations  and  compared  with  available  experimental  results.  In  contrast  to  previous  work  more  attention  will  be 
focussed  or.  the  second  moment  of  the  field. 

This  paper  will  fit  in  very  well  with  the  scope  of  the  symposium  in  the  areas  of  mathematical  methods  for 
random  media,  characterization  and  modeling  of  random  media  and  also  interface  quite  well  with  some  of  the  other 
papers  in  this  area  that  we  expect  will  be  presented  at  the  AGARD  symposium. 


1.  PREFACE 

The  average  or  effective  properties  of  a  rar.dom  medium  containing  inclusions  of  one  material  or  voids 
distributed  in  some  fashion  in  a  second  material  called  the  host  or  matrix  material  can  be  conveniently  studied  by 
analyzing  the  propagation  of  plane  waves  in  such  materials  and  solving  the  resulting  dispersion  equations.  Since 
waves  propagating  in  such  a  two  phase  system  will  undergo  multiple  interactions  with  the  scatterer  phase,  it  becomes 
natural  to  consider  multiple  scattering  theory  md  ensemble  averaging  techniques  if  the  distribution  of  the  inclusion 
phase  is  random.  In  this  paper,  a  multiple  scattering  theory  is  presented  that  utilizes  a  T-matrix  to  describe  the 
response  of  each  scatterer  to  an  incident  field.  The  T  matrix  is  simply  a  representation  of  the  Green's  function  for  a 
single  scatterer  in  a  basis  of  spherical  functions.  In  this  definition,  it  simply  relates  the  expansion  coefficients  of  the 
field  that  is  Incident  on  or  excites  a  scatterer  to  the  expansion  coefficients  of  the  field  scattered  when  both  fields  are 
expanded  in  the  same  spherical  wave  basis  [1].  In  theory,  the  T-matrix  is  infinite,  but  in  practice  the  T-matrix  is 
truncated  at  some  size  that  depends  on  the  ratio  of  size  of  scatterer  to  the  wavelength  and  the  complexity  of  the 
geometry.  Formally,  the  T-matrix  includes  a  multi  pole  description  of  the  field  scattered  by  the  inclusion  and  this 
requires  a  propagator  for  multipole  fields  to  describe  the  propagation  from  one  scatterer  to  the  next  Finally,  the 
technique  presented  here  is  for  a  random  distribution  of  scattereis  which  requires  an  ensemble  average  over  the  position 
of  the  scatterers  and  requires  a  knowledge  of  the  positional  correlation  functions. 

In  previous  studies  [2,3]  we  relied  on  spherical  statistics  for  hard  spheres,  generated  by  Monte  Carlo  simulation 
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or  by  the  Farcu-Ytvick  approximation  even  for  non-spherical  scattsren.  Essentially,  this  increased  (he  excliuion 
volume  surrounding  the  non-spherical  scanner,  and  artificially  restricted  us  to  smaller  concentrations  in  order  to 
prevent  the  statistical  spheres  from  overlapping.  In  the  present  study,  these  restrictions  an  removed  by  using  a  new 
Monlr  Cario  Emulation  developed  by  Steele  [4]  for  aon-sptarical  scaneren,  that  is  based  on  expanding  the-two  body 
correlation  functions  in  Legendre  polynomials.  This  permits  us  to  consider  the  angular  correlations  that  exist  for 
non-spherical  oriented  scatterers.  The  finel  equation  for  the  formalism  is  the  dispersion  epuation  which  describes  the 
propagation  characteristics  of  the  coherent  or  evertgt-  filed  in  the  effective  medium.  The  numerical  solution  of  this 
equation  yields  the  effective  complex,  frequency  dependent  propagation  number  which  it  also  a  function  of  the  site, 
geometry  and  distribution  of  the  inclusion  phase.  The  effective  wavenumber  Is  a  function  of  the  direction  of 
propagation  in  the  effective  medium  if  the  medium  is  effectively  anisotropic  If,  for  example,  the  scatterers  are  spheres 
or  If  die  non-spherical  scattsren  are  randomly  oriented,  the  effective  medium  will  be  isotropic,  but  If  the  medium 
contains  aligned  non -spherical  scatterers  the  effective  medium  will  be  anisotropic.  The  effective  wavenumber  can  be 
related  to  the  effective  material  properties  of  die  medium  which  am  also  complex  and  frequency  dependent  For 
anisotropic  materials,  by  solving  the  dispenioo  equation  for  different  directions  of  propagation  with  respect  to  the 
aligned  non-spherical  scatterers,  we  can  construct  all  components  of  the  material  property  tensors  of  the  effective 
medium  such  as  the  elastic  stiffness  tensor  or  the  dielectric  tenser,  see  [3]. 

In  this  paper,  e  systematic  study  is  also  made  of  first  order  contributions  to  the  second  moment  or  incoherent 
intensity  of  the  wave  field  propagating  in  a  discrete  random  medium.  The  second  moment,  which  is  traditionally 
defined  as  die  correlation  function  of  the  component  of  the  field  fluctuations  in  any  direction  0,  is  denoted  by 
Iu  -  <  (  A  *  A  E  )  ( ft  •  A  E  )*  >, where  AE  -  E  -  <  E  >  is  the  fluctuation  of  the  field.  Since  the  field  fluctuations 
can  be  expanded  in  a  multiple  scattering  series,  each  term  of  which  contains  sums  on  all  possible  scatterers,  it  is 
evident  that  we  can  divide  the  resulting  terms  into  two  sets;  one  involves  considering  only  those  terms  in  which  the 
same  scatterer  contributes  to  a  particular  order  term  in  each  field  fluctuation,  and  the  other  involves  distinct  scatterers. 
This  latter  set  of  turns  will  contribute  to  the  incoherent  intensity  only  if  statistical  correlations  between  scatterers  are 
taken  into  account  The  first  category  of  ttma  mb  cauiYalcnt  in  spirit  jq  radiative  transfer  ttecry  since  it  is  essentially 

the  intensity  of  die  field  scattered  hv  each  scatterer  that  propagates  from  one  sim  to  another.  Even  for  this  set  of  terms, 
positional  correlations  between  scatterers  should  be  taker,  into  account  at  volume  fractions  exceeding  a  few  percentage, 
but  these  terms  contribute  to  the  incoherent  intensity  even  if  correlations  are  neglected. 

Numerical  results  for  aligned  and  randomly  oriented  oblate  and  prolate  spheroids  using  the  new  correlation 
functions  have  been  obtained  and  compared  with  previous  calculations  for  spheroids  that  used  spherical  statistics.  We 
foresee  important  applications  of  these  new  results  to  electromagnetic  wave  propagation  through  aerosols,  which  are 
non-spherical  and  often  consist  of  aggregates  and  also  in  other  cases  where  non-spherical  scatterers  are  involved. 

2.  EFFECTIVE  WAVENUMBER  FOR  THE  AVERAGE  FIELD 

IN  A  DISCRETE  RANDOM  MEDIUM 

Let  the  random  medium  contain  N  scatterers  in  a  volume  V  such  that  N  ->  «,  V  ->  «>,  but  a-  »  N/V  the 
number  density  of  scatterers  is  finite.  Let  u,  u°,  ue{,  us:  be  respectively  the  total  field,  the  incident  or  primary  plane, 
harmonic  wave  of  frequency  to,  the  field  Incident  or  exciting  the  i-th  scatterer  and  the  field  which  is  in  turn  scatter'd  by 
the  i-th  scatterer.  These  fields  are  defined  at  a  point  r  which  is  not  occupied  by  any  one  of  th  i  scatterers.  In  general, 
these  fields  or  potentials  which  can  be  used  to  describe  them  satisfy  the  scalar  or  vector  wave  equation.  Let  Re  <pn 
and  Ou  q>n  denote  the  basis  of  orthogonal  functions  which  are  eigenfunctions  of  the  Helmholtz  equation,  see  Morse 
and  Feshbach  [6].  As  explained  in  the  introduction  the  subscript  V  is  an  abbreviated  superindex  and  vector  notation  is 
implied.  The  qualifiers  Re  and  Ou  denote  functions  which  are  regular  at  the  origin  (Bessel  functions)  and  outgoing  at 
infinity  (Hankel  functions)  which  are  respectively  appropriate  for  expanding  the  field  which  is  incident  on  a  scatterer 
and  that  which  it  scatters.  Thus,  we  can  write  the  following  set  of  self-consistent  equations: 


N 


u 

u0^ 

-  UCi  +  US:  -  u°  *  X  u*i  +  US:  , 

(1) 

u°(r)  - 

pexplDckj,  «r) 

■  £n  “n1  ReV-ri>  • 

(2) 

“Ci  " 

Inc<niReVr-ri 

);  a<  I r - r j |  <2a  , 

(3) 

“Ci  - 

Inf„i°uVr-ri 

1  r-rj  |  >  a  , 

(4) 

where  c^1  and  fn*  are  unknown  expansion  coefficients.  We  observe  in  Eqs.  (3)  and  (4)  that  "a"  is  the  radius  of  the 
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sphere  drcttmcribtag  d»  tcaarrsr  red  dm  oU  axpsastam  an  with  napect to  ■  coo'dha*  origin  located  hi  a  particular 
setter*. 

The  T-matrix,  by  diflaMoa  simply  relates  At  expansion  eoafBctwm  of  «*>  Mid  u^  provided  »•(  +  **.  ii  the 
total  IWd  wkkh  to  oautent  with  the  dittoes  la  Eq.  (1).  TJmi  ft). 

fn  "  in’  tbii'  **  n’  * 

and  ft*  following  addition  theorem  for  the  bull  funrtkms  is  invoked: 

Ou^fr-rj)  -  Xtf  o^.frj-rjJRe^.Gr-rj)  .  (6) 

Substituting  Bqi.  (2)  •  (6)  in  Eq.  (IX  and  asing  the  orthogonally  of  the  bade  hmcdore  we  obtain 

a1  -  a1  +Xc(ri-r|)lW  .  (7) 

j*i  1 

This  is  a  set  of  coupled  algebraic  equations  for  the  exciting  field  coefficients  which  can  be  iterated  and  leads  to  a 
multiple  scattering  series. 

For  randomly  distributed  scattewra,  an  ensemble  avenge  can  be  performed  on  Bq.  (7)  leading  >o 

<al>i  -  a*  +  <<r(rj-rj)TJ<ai>y>i  (3) 

where  <  >  denotes  a  conditional  avenge  and  Bq.  (8)  is  an  infinite  hierarchy  involving  higher  and  higher 
conditional  expectations  of  die  exciting  field  coefficients.  In  actual  engineering  applications,  a  knowledge  of  higher 
order  conelatioo  functions  is  difficult  K>  obtain,  usually  the  hierarchy  is  truncated  so  that  at  most  only  the  two  body 
positional  correlation  function  is  required. 

To  achieve  this  simplification  the  Ouasi-CrvstalUne  Annrorimatlnn  (QCAX  first  introduced  by  lax  [7]  is 
invoked,  which  is  stated  as 


<«i>y  £  <Op>j  .  (9) 

Then,  Eq.  (8)  simplifies  to 

<«*>;  -  s'  +  <  o  v’rj  -  rj)  Ti<ai>j>j  ;  (10) 

an  integral  equation  far  <a'>j  which,  in  principle,  can  be  solved.  In  particular,  the  homogeneous  solution  of  Eq.  (10) 
leads  to  a  dispersion  equation  for  the  effective  medium  in  die  quasi-crystalline  approximation.  Defining  die  spatial 
Fourier  transform  of  «ii>j  as 

<a*>i  -  /e*  ri  C*(K)dK  (11) 

and  substituting  in  Eq.  (10),  we  obtain  for  the  homogeneous  solution 


C‘(K)  -  X  1  ttfrj - r:) T) e* K,<ri " rj) dr,  d(K)  . 
j*i 


If  the  scatterers  are  identical,  then 

ddt)  -  d(K)  -  C(K), 
and  thus  for  a  non-tri  vial  solution  to  <«*>;,  we  require  that 


ll  -  X  /  ° (ri ~ r,) TJ  P(rjtrj) e‘ K*(ri‘  rj>dr4  |  -  0  . 
jai  1  1 


(12) 


(13) 

(M) 


In  Eq*.  (i  2)  and  (14),  P(rj|ri)  is  the  joint  probability  distribution  function.  In  order  to  perform  the  integration  in  Eq. 
(14),  we  need  a  model  far  me  pair  correlation  function.  For  non-spherical  scatterers,  the  pair  correlation  function 
depends  not  only  on  the  length  of  the  vector  connecting  the  centers  of  the  scatterers,  but  also  on  the  direction  of  this 
vector  and  the  orientation  of  each  scatterer.  If  the  scatterers  are  spherical,  then  there  is  no  dependence  on  direction  and 
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crhmmki  iri  the  tswtotica  are  said  to  ba  spirerical  or  kosraptc.  fa  to*  mm,  the  acaswsere  are  not  allowed  to 
overturn.  U  m  UUtm  repulsive  gonadel  it  seeeand  between  toman. 

Fw  aligned  tpharoidi  which  an  rotational;  symmetric,  to  <kpendsnce  is  only  on  ths  angle  8  between  the 
sepentioa  vector  ad  the  tymmetiy  nil  which  it  Mtaw  to  be  the  nudt  of  the  coordtoses  tyetem.  m  thown  in  Fig.  I. 
Them  k  no  dqMudenoe  on  d»  asfcndul  angle  +.  The  joint  pMbtWUty  distribedon  Amotion  to  dun  written  at 


POrjIrp 


-  0;  I  rrrj  I  <  R(8) 

-0(t )/V;  |  r,-rj  |  >  R <©) 


(15) 


In  the  above  equation,  0(i)  is  the  pair  cantata*  taction  for  etigned  spheroids!  scansion,  x  -  rj  -  tu  red  R(®)  it  the 
mfatinmmcenlerttooaiir  distance  whas  the  mherofcfcjionvh  owt  moth*  stone  point,  such  tit*  the  line  joining 
their  centers  subtends  an  angle  9  with  the  syiametry  or  *-*xii  of  (St  spheroids.  In  this  cue  die  statistics  are  no< 
isotropic  tat  are  a  taction  of  direction.  Equation  (14)  can  hence  be  simplifiad  to 


H0Jo<*)TO(X)eiK*d* 


06) 


where  (I/V)  -  <N  -  iy  V  «  Bq.  The  integral  in  Eq.  (16)  is  limply  the  spatial  Fourier  transform  of  oTG.  The 

zeroes  of  the  dewminam  as  expresaed  by  Eq.  (16),  yield  the  allowed  valuta  of  K  as  a  Auction  of  dm  micros  tnicture  as 
determined  by  the  T-matrix,  the  number  density  n0  and  the  statistic!  of  the  distribution  as  determined  by  the  pair 
correlation  function.  In  general  K,  the  effective  wavenumber  is  complex  and  frequency  dependent 

The  dispersion  equation  as  given  in  Eq.  (16)  is  vrry  well  suited  for  computation.  Using  appropriate  forms  of 
the  bask  functions  which  are  solutions  of  the  field  equations,  the  T-raatrix  of  the  single  scauenr  can  be  computed; 
for  example,  see  Vender,  end  ''aredan  [1],  The  tran-lation  matrix  e,  although  compHcated  in  (turn  for  spherical 
tactions  can  nevertheless  be  computed  in  a  straightforward  mam*  The  spatial  Fourier  transform  of  oTQ  is  fairly 
easy  to  compute  because  the  integrand  is  well  behaved  for  large  values  of  the  inttrpartiele  distance.  In  recent  years, 
considerable  progress  has  been  made  In  Monte  Carlo  simulation  to  describe  the  statistics  tor  non-spherica!  hard 
(impenetrable)  particles  by  Steele.  The  joint  probability  functions  have  been  expanded  in  a  series  ct  spherical 
harmonics  and  redial  functions  with  unknown  coefficients.  The  coefficients  am  evaluated  directly  in  the  Monte  Carlo 
simulation.  For  aligned  prolate  and  oblate  spheroids,  these  results  have  just  become  available.  The  excluded  volume 
for  these  geometries  is  also  spheroidal.  This  has  been  implemented  in  calculations  of  the  effective  wavenumber  in 
media  containing  random  distributions  of  aligned  spheroidal  particles  [8].  It  can  be  seen  that  correct  statistics 
conforming  to  the  shape  of  the  particle  is  needed  to  get  correct  results  at  volume  fractions  exceeding  5%. 


2.  INCOHERENT  INTENSITY 


The  total  scattered  intensity  is  directly  proportional  to  the  second  moment  of  the  scattered  field.  It  is  known  that 
the  total  scattered  field  is  a  combination  of  die  average  scattered  field  and  the  fluctuation  of  the  field  due  to  the  random 
distribution  of  scatter ers,  Le„  u  «  <u>  +  u ,  the  incoherent  component  of  the  scattered  intensity  can  be  obtained  as 

•  *  ♦ 

«uu  >  -  <uu  >  -  <uxu>  ,  (17) 

To  first  order,  that  is  taking  only  the  single  scattering  contribution  to  each  scattered  field,  we  obtain 
<uu  >  «  <|u'l^>«  <Iuj  Xuk>  -  X<Uj>  x<uk> 

-  X  X  <uj*uk>  +  X  <lu:!2>  -  I X  (18) 

j*k  k  j  1  j  k  1 

The  ensemble  avenges  in  Eq.  (18)  cm  be  written  by  integrating  over  the  random  positions  r;,  rk,  etc.  of  the  scattered. 
Thus,  1 


<  I  u'  1 2>-  n02  J I  (((N  -  iyN)  <u*juk>jk  -  <uj>j*  <uk>j,]  drjdrk 

+  n0j<|uj|2>jdrj.  *  (19) 

The  second  term  in  the  above  equation,  which  is  proportional  to  is  the  ordinary  single  scattering  approximation  to 
the  incoherent  intensity  and  die  magnitude  of  the  incoherent  intensity  in  any  direction  is  proportional  to  the  bistatic 
cross  section  of  a  single  scatterer.  The  first  teim  proportional  to  n^2  is  due  to  the  effect  of  positional  correlations 
between  pain  of  scatserers. 


<») 


Pot  sparse  concentrations,  tht  mtmn  in  mcomlnKli  and 

<0j\>jk  -  <yj*<«k>k 

and  tht  flm  m  of  Bq.  (19)  vmtishes. 

in  order  to  obtsk  tht  iaooharau  inttntlty  fbr  highar  coocantrations,  the  prr  correlation  function  g(x)  is  taken 
into  cuatkktflrioa.  Reoendy  Twartky  [1983]  has  modified  Eq.  (19)  fbr  a  dense  distribution  of  acatterers  in  which  the 
incoherent  intensity  haa  the  tom: 

cln’l2*-  n02  tl  (CHtj-t^)  -  U 

♦  Dq  I  <  |  «j  1 2>j  drj  .  (21) 

Equation  (21)  is  the  final  form  used  in  our  computation  for  the  incoherent  intensity  up  to  the  first  order.  However,  the 
higher  order  contributions  to  the  incoherent  intensity  become  man  and  more  important  if  the  impedance  mis  match 
between  the  scettann  and  the  host  medium  as  well  at  the  propagation  distance  are  increasing.  A  dwarfed  picture  using 
the  ladder  diagrema  in  explaining  the  higher  order  multiple  scattering  processes  cut  be  found  in  our  previous  ptgter  [9]. 
In  the  calculation,  a  knowledge  of  the  coherent  field  is  atill  required  since  the  avenge  scattered  Add  <Uj>>  is  involved 
in  the  formalism.  The  avenge  acattaredfkhl<iij>j  holding  the  J-th  scatterar  fixed  cm  be  expressed  as,  using  Eq.  (4), 

<*,>,  -  Z„.  T,,,.  «vSVr  •  rj>- 

The  exciting  field  coefficients  a_i  are  initially  unknown  in  Eq.  (2?.)  T,owever,  the  average  field  «xJ>: 
exciting  the  j-th  scantier  is  known  after  defining  an  effective  propagation  constant  K  which  is  complex  ( K  «  K  j  + 
iK2).  Following  this  definition,  the  avenge  or  effective  Mating  field  <anJ>j  can  be  written  as 

<o,i>j  -  ^e^V'j,  (23) 

where  k,,  is  the  propagation  direction  of  the  incident  wave  The  unkrjwn  effective  exciting  amplitudes  A^,  however, 
can  be  solved  by  invoking  dm  extinction  theorem. 

If  we  substitute  Eq.  (22)  in  (21),  we  obtain 

<|u’|2>-n02JJ  (G(rj-rk)  -  llS^T,^  <0,^  ♦n'En",Tn*n"*  <an",k>*kV'  drjdrk 

+  n0J  1 1  Tnn.  <an>*>j9n'  |2  drj.  (24) 

We  notice  that  in  Bq.  (24),  the  multiplication  of  the  T-matrix  and  the  effective  exciting  field  is  independent  of  the 
integral  and  the  pair  correlation  function.  In  fact,  the  integral  of  the  pair  correlation  function  turns  out  to  be  the  three 
dimensional  spatial  Fourier  transform  of  the  pair  correlation  function  [G(x)-1].  In  order  to  investigate  the  contribution 
of  the  incoherent  intensity,  we  calculate  rite  major  normalized  quantity  which  is  defined  as  fallows. 

<\?  -  (yyfk r)2(v/V) 


■  2caTnn.AB.YI1.X  2TnV. VY„-)*  F(  k,,,  K.  r )  /  [  (K^Xka)3(Z/a)  ]  (25) 

where  Y„.  are  the  normalized  spherical  harmonics,  {Yj^O.d)},  Z  is  the  distance  of  penetration  of  the  incident  wave, 
n'(n*  or  tf")  is  the  index  representing  l  md  m;  r  is  the  radial  distance  from  the  center  of  die  scattering  region  to  the 
observation  point,  v  is  the  volume  of  a  single  acattrer  and  V  is  the  whole  scattering  vokune  (region).  The  function  F 
in  Bq.  (25)  is  given  as 

P-I+Uq/  [  G(x)  -  1]  exp  [  i(KkQ-kr/r)  >x  ]  dx  .  (26) 

For  spheres,  the  radial  distribution  function  depends  only  on  the  separation  distance  M  and  the  integration  in  Eq.  (26) 
is  performed  numerically  using  tabulated  values  of  G(x)  uam  Monte  Carlo  simulation  or  from  the  Percus  Y»vick 
integral  equation  fbr  nan-overlapping  spheres.  For  non -spherics'  scatteren  such  as  spheroids,  we  have  nested 
integrations  on  orientation  and  distance  aud  the  integration  is  more  time  consuming.  The  statistics  in  this  case  are 
again  obtained  from  Monte  Cmlo  simulation. 


3.  RESULTS  AND  DISCUSSION 


in  ordw  to  itody  ibc  chncttrinkt  of  tot  incoherently  acanared  wav*  intend  ty,  we  choose  electromagnetic 
ware  at  piobfcig  wares  simpi?  became  tore  an  a  rntabar  of  appBcations  fat  noon  atnsing. 

tymRtilw  akctamgaaHnwtreetooagftacanman  we  totoedtoflad.  flat,  tha  sagelsi  dependence  offee 
inccherem  taanafcy  and  to  InfWiace  of  different  potoiaarioae,  eg„  vertical  and  horiaoatai  polarisations.  If  it  is  not 
specifically  mm dtmad.  acamran  are  am  mart  to  bo  qfoarical  or  ^baroMal  ice  panicles  with  a  relative  dielectric 
constant  c  -  3.168  embedded  In  ah.  Fig.  2  ptaaann  the  nocmallxad  incoherent  intensity  reraas  obrervabon  (acaarring) 
anglea.  Tha  forward  acanarint  angle  ii,  in  oar  case  0*  and  therefore  tba  becUeeuering  direction  it  180*.  The 
nowdiiMBaiOMi  ftaqetacy  considered  it  0.6  width  it  equivalent  to  a  phyakal  ftaqaaocy  of  about  14  QHa  if  a  2  mm 
particle  iaooaaiimt 

Taking  a  tator  look  at  Fig.  3,  wo  can  conclude  that  foe  vertical  polarisation  gives  more  aagelar  dependence  of 
the  incoherent  intensity  than  the  boriaontal  one.  There  it  an  extremely  low  tamsity  <1j3..  a  deep  minimum  in  the 
carre)  that  ocean  at  90*  at  a  ka-0.6.  Thi*  phenomenon  happana  again,  however,  at  a  higher  observation  angle  of  123* 
whan  to  toqaa»y  to  hrhtad  to  2.  Tltaah  no  polmiaadon  difference  »t  foe  forward  and  badacaanrtngdhactions  for 

la  Pig.  4,  we  compare  the  badaeanaaad  intensity  cakalartom  with  and  without  the  affect  of  pair  correlations. 
Theae  results  tall  at  that  if  tha  intensity  is  calculated  without  considering  the  pair  correlation  (taction  when  the 
concemredon  becomes  even  moderately  high,  i.e^  ?%,  one  is  able  to  see  the  difference  in  the  magnitude  particulwly  in 
the  low  frequency  range. 

Finally,  we  warn  to  tay  something  about  the  effect  of  die  pair  correlation  function.  In  order  to  tell  the 
importance  of  ita  effect  on  the  final  (list  order  scattered  intensity,  we  simply  calculate  the  function  F  which  appears  in 
Eq.  (23)  and  has  been  defined  in  Eq.  (26).  As  can  be  seen  from  Eq.  (26),  it  involves  a  Fourier  transform  of  the  pair 
correlation  (taction  and  it  contains  an  nflbctive  propagation  constant  K;  hence  it  depends  on  the  properties  of  the 
scanners,  the  concentration,  frequency  and  angle  of  observation.  In  Pigs.  S  and  6,  we  can  see  that  the  Fourier 
transform  of  the  pair  correlation  hinction  dominates  the  scattering  response  particularly  in  the  low  frequency  range  and 
in  the  forward  direction.  In  the  high  frequency  range,  it  does  not  effort  the  scattered  intensity  much.  Also,  we  observed 
that  the  intensity  decreases  after  a  volume  fraction  c  «  15 to ,  which  is  alsc  a  fact  pointed  out  in  .Tufa's  experiments. 

Pram  Pig.  7,  it  is  dear  that  tha  difference  in  obtaining  the  effective  K  is  quite  Urge  if  the  spherical  statistics  is 
employed  in  approximating  tha  nonsphericai  statistics.  Therefore,  for  nonspherical  scatteren  of  considerable 
concentrations,  foe  incoherent  intensity  can  be  mistakenly  estimated  using  F.qs.  (22),  (23)  and  (24)  which  all  involve 
the  effective  wavenumber  K.  In  addition,  foe  pair  corrrli-.on  function  G(x)  in  Eq.  (26)  may  even  contribute  more  to 
the  difference  depending  on  foe  conceutration  and  foe  observation  angle  considered. 
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Figure  3  Same  as  fig.2  errepl  U  -  2. 
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Figure  7  Imaginary  part  of  effective  wavenumber  K  vs 

rxmdimensionuf  frequency  kb  for  prolate  spheroids 
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Non-Linear  effects  on  the  Ataoapherlo  Tranaalaalon 
of  High-Flux  Electromagnetic  Baaaa 
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Tha  propagation  of  an  intense  ban  of 
a  1  a o t r o a  a gn a 1 1 e  radiation  through  tha 
ataoaphara  la  aoooapanled  by  a  host  of 
interactions  between  the  baaa  and  ataoapherlo 
constituents  present  along  tha  propagation 
path.  Thaaa  interactions  aay  have  a 
significant  Influence  on  tha  oharaoterlstloa  of 
tha  propagating  baaa.  In  this  paper,  we 
dlaauaa  aerosol-bean  interactions  whloh,  in 
aany  oases  of  praotleal  interest,  are  the 
dominant  interactions  between  the  etaoaphere 
and  the  propagating  bean.  Theoretloal 
analyaaa,  nuaerloal  slaulatlons,  and 
experlaental  insights  are  reviewed  in  a  survey 
of  this  ooaplex  problea. 


When  a  high  lrradiance  aleotroaagentlo  baaa  propagates  through  the  ataosphers,  a 
variety  of  interactions  ooour  with  natter  along  the  baaa  path.  Both  noleou'iar  and 
aerosol  ooaponenta  of  the  ataoaphere  interact  with  the  beta  but,  in  aany  oases  or 
interest,  aarosol-beaa  interactions  doalnate.  We  oonalder  this  oase  in  the  present 
paper. 


A  ooaplex  group  of  aerosol-bean  interactions  aust  be  aooounted  for  at  high  boon 
lrradlanoes.  The  aerosols  absorb  and  saatter  energy  froa  the  bean.  The  absorbed 
ooaponent  heata  the  aerosols  oauslng  ooploua,  perhaps  explosive,  vaporisation. 
Hydrodynaalo  prooeaaes  beooae  significant,  with  Internal  and  external  shook  waves 
responsible  for  droplet  shattering,  and  for  intense  heating  of  the  surrounding 
ataospherlo  aedlua.  Eleotroaagnxtlc  interactions  aay  result  In  the  fsraatlon  of  an 
ionized  plasaa  near  the  aerosol  or,  generally  for  liquid  aerosol  droplets,  non-linear 
scattering  prooeaaes  and  droplet  lasing. 

The  propagating  bean  oan  be  slgnlf loantly  influenced  by  these  aerosol  interactions, 
Slnoe  vaporisation  depends  on  the  size  of  the  aerosol  particle  (being  proportional  to  the 
square  of  the  droplet  radius  for  spherioal  droplets),  the  baaa  propagates  through 
aerosols  progressively  skewed  towards  a  smaller  size  distribution.  This  results  in 
significant  spatlo-teaporal  distortion  of  the  beaa.  At  higher  lrradiance  levels,  aerosol 
shattering  and  explosive  vaporization  effeots  oan  spontaneously  (within  a  few  aooustlo 
tinea  in  the  irradiated  aerosol  particle)  liberate  a  large  fraotlon  of  the  aerosol  mass 
as  vapor  into  the  surrounding  aedlua.  Scattering  froa  these  vapor  aureoles,  or  from 
associated  hydrodynaalo  (shook)  disturbances  aay  be  significant.  A  companion  prooess, 
whloh  aay  ooour  at  high  irradianoe  levels,  is  aerosol-assisted  plasaa  foraatlon. 
Plasaolds  aay  be  foraed  near  irradiated  aerosols  whloh  slgnlf loantly  alter  the  absorption 
and  aoatterlng  oharaotaristlos  of  the  propagation  path.  finally,  aore  specialized 
effeots  aay  ooour  for  spherioal  aerosols,  suoh  as  stlaulatad  Raaan  scattering,  and  lasing 
effects. 

In  this  paper,  we  review  progress  made  in  understanding  this  ooaplex  problea. 
Aerosol  interactions  with  intense  eleotroangnetlo  beans  aay  result  in  draaatlo  changes  in 
the  oharaoterlstios  of  the  btaa  propagation  path.  These  interaotlons  include  aerosol 
heating  and  vaporization,’  explosive  vaporization,2*-*  hydrodynamic  effects,'*5  plasaa 
formation2*6*”*®  and  nonlinear  optioal  phenomena.5*  ’0  The  response  of  the  propagating 
beaa  to  thea^  aerosol-beam  interaotlons  includes  spetlo-temporal  distortion  of  the  beaa 
profile,’'''2*'’  and  possibly  severe  blookage  of  the  bean  due  to  the  foraatlon  of  a 
plasaa. '’ 

The  temporal  dependence  of  these  Interaotlons  is  of  iaportanoe  for  the  oase  of 
either  singly  or  repetitively  pulsed  beans.  Interaotlons  occurring  on  a  tine  scale  long 
ooapared  to  the  pulse  width  play  only  a  minimal  role  in  the  beaa  dynamics.'*2  For 
repetitively  pulsed  beans,  both  the  pulse  width  and  the  inter-pulse  period  are 
significant.  For  exaaple,  droplet  heating  during  the  pulse,  and  oooling  during  the 
inter-pulse  period,  proneed  with  distinct  time  constants.  It  is  oharaateri stlo  of 
aerosol-been  interactions  that  they  depend  on  the  size  of  the  aerosol  partiole,  in 
addition  to  their  dependenoe  on  other  physloal  oharaoterlstios  of  the  ooupled  aerosol- 
bean  systen.  Therefore,  in  the  propagation  of  a  high  intensity  beaa  through  a  poly 
disperse  distribution  of  aerosols,  aerosol-bean  interaotlons  will  generally  vary  aoross 
the  size  distribution,  aa  will  the  disturbance  induced  in  the  propagating  beaa.'2 

The  study  of  aerosol-beaa  Interaotlons  has  involved  a  ooabinatlon  of  theoretloal  and 
experlaental  investigations.  Although  the  theoretloal  aspects  will  be  eaphaslzed  in  the 
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present  paper.  It  1*  instructive  to  review  some  of  the  reoent  experimental  work  In  this 
subject.  There  have  bee.:  a  nuaber  of  experimental  atudlea  of  Individual  aeroaol 
Interaction*  with  Interne  laaar  baaaa.  Aeroaol  heating  and  vaporization  haa  been 
Investigated  by  observing  changes  In  the  Mie  r etonanoei. 1 5 > 1  ®  Explosive  aeroaol 
vaporlxation  haa  been  obaerved  directly  ualng  high-speed  photographio techniques,  and  the 
aaaoolatad  shock-wave  dlaturbanoas  dateoted  by  a  Sohlleren  system.  Plasaa  breakdown 

thresholds  of  aerosol-lnduaed  plssaes  have  bean  aeasured  as  e  funotlon  of  aerosol  and 
bean  paraaetars.1’*20  Both  the  spatial7*”'  and  teaporal6'21  dependenoe  of  aerosol- 
lndueed  plasaas  have  been  aeasured.  finally,  a  variety  of  nonlinear  prooesses 
aaaoolatad  with  aerosols  irradiated  by  intense  llxjit  beaaa  have  been  observed,  lnoludlng 
stiaulated  Renan  soatterlng22  and  droplet  lasing. *3 

Measureaents  of  propagation  effects  on  Intense  laser  beans  have  also  been  nade.  For 
exaaple,  aerosol  clearing,  '  tha  wavelength  dependenoe  of  the.  ataospherlo  extinction 
coefficient  following  paaaage  of  a  high  power  COo  laser  bean,*5  plasaa  breakdown  of  the 
ataosphera  after  irradiation  by  a  pulsed  CQj  bean2  ,  and  Xaaan  LUU R  exoltatlon  of 
stiaulated  Rgaan  soatterlng  froa  water  aerosol?  in  the  ataosphere, 27  have  probed  the 
effeot  of  aeroaol-beaa  Interactions  on  the  pulsed  been.  However,  It  should  be  noted  that 
the  ooaparlson  of  these  ataospherlo  propagation  studies  with  detailed  theoretical  aodels 
of  ‘aerosl-beaa  Interactions  Is  not  possible  beoause  of  the  lack  of  precise  lnforaatlon 
oonoerning  the  aerosol  size  distribution. 

In  suaaary,  Interactions  between  ataospherlo  aerosols  and  an  Intense  bean 
prooagatlng  along  an  ataospherlo  path  will  be  reviewed.  Nuaerlcal  solutions  to  the 
ooaplex  dynanlcil  equations  will  be  desorlbed  for  oases  of  Interest,  and  reference  aade 
to  experlaental  studies  where  possible. 

References 

1.  R.  L.  Arastrong,  "Aerosol  Heating  and  Vaporization  by  Pulsed  Light  Beans,"  Appl. 
Opt.,  Vol.  23,  Ho.  1,  1  January,  1384,  pp.  148-155. 

2.  L,  L.  Arastrong,  "Interactions  of  Absorbing  Aerosols  with  Intense  Light  Beans,"  J. 
Appl,  Phys.  Vol.  56,  Ho.  T,  1  October,  1984,  pp.  2142-2153. 

3.  3.  Chltanvls,  "Sal f-Si n 1 1  a r 1 1 y  In  Eleotrohydrodynanlos”  Physics  Vol.  137  A,  1986, 
pp.  271-281. 

4.  R.  L.  Arastrong,  P.J.  O'Rourke,  and  A.  Zardeokl,  "Vaporization  of  Irradiated 
Droplets,"  Phys.  Fluids,  Vol.  29,  Ho.  11,  Hovenber,  1986,  pp.  3573-3581. 

5.  R.  L.  Arnstrong  and  A.  Zardeokl,  to  be  subnltted  to  the  Physics  of  Fluids. 

6.  A.  Biswas,  H.  Latin,  P.  Shah,  L.J.  Radzleaskl,  and  R.L.  Arnstrong,  "Tine-Resolved 
Speotroscopy  of  Plasmas  Initiated  on  Single,  Levitated  Aerosol  Droplets,"  Optics  Letters 
(In  press). 

7.  J.  H.  Elckaans,  V,  -F.  Hsieh,  and  R.X.  Chang,  "Laser-Induoed  Explosion  of  HjjO 
Droplets:  Spatially  Resolved  Speotra,"  Optics  Letters  (in  press). 

8.  W.  -F.  Hsieh,  J.  H,  Elckaans,  and  R.  X.  Chang,  "Internal  and  External  Laser-Induoed 
Avalanche  Breakdown  of  Single  Droplets  In  an  Argon  Ataosphere,"  Optics  Letters  (in 
press) . 

9.  R.  X,  Chang,  S.  -X,  Qian,  and  J.H.  Eloknans,  "Stiaulated  Raaan  Soatterlng,  Phase 
Modulation,  and  Coherent  Anti-Stokes  Raaan  Soatterlng  froa  Single,  Nloroaeter  -  Size 
Liquid  Droplets,"  published  In  Proceeding  of  the  Methods  of  Laser  Speotrosoopy  Syaposlua 
Rehovot,  Israel,  16-20  Deoeaber,  1985. 

10.  J.  A.  Cooney  and  H.M,  Khaabatta,  "CARS  Soatterlng  froa  Arbitrarily  Sized  Hater 
Droplets,"  subaitted  to  Appl.  Opt, 

11.  R.  L.  Armstrong,  S.A.H,  Gerstl,  snd  A.  Zardeokl,  "Honllnear  Pulse  Propagation  In 
the  Presence  of  Evaporating  Aerosols,"  J.  Opt.  Soo.  As.,  Vol.  A,  Mo.  2,  October,  1985, 
pp.  1739  -  1746. 

12.  S,  C.  Davies,  and  J.R.  Brook,"  Laser  Beaa  Propagation  In  an  Evaporating  Polydlsperse 
Aerosol,"  Applied  Optics  (In  press). 

13.  V.  I.  Bukatyl,  Tu.  D.  Kopytln,  and  S.S.  Khmelevtsov.  "Thermal  Defocuslng  of  the 
Optical  Radiation  Traveling  In  an  Absorbing  Disperse  Mediua,"  Sov.  J.  Quant.  Electron., 
Vol.  3,  Ho.  1,  July-August,  1973,  pp.  37-39. 

14.  P.  C.  Salth,  "Laser  Radiation  -  Induced  Air  Breakdown  and  Plasaa  Shielding,"  Optical 
Eng.,  Vol.  20,  Ho.  6,  Ho  vea  be  r /Deo  e  a  bar ,  1981,  pp.  962-969. 

15.  T.R.  Lettleri  and  E.  Marx,  "Resonance  Light  Soatterlng  from  a  Liquid  Suspension  of 
Hlcroapheres,"  Appl.  Opt.  Vol.  25,  Mo.  23,  1  Deoeaber,  1986,  pp.  4325  -  4331. 

16.  J.  F,  Owen,  R.X.  Chang,  and  P.H.  Barber,  "Morphology-Dependent  Resonances  In  Raaan 
Soatterlng,  Flouresoenoe  Ealsslon,  and  Elaatio  Soatterlng  froa  Mloropartlolea,"  Aerosol 
Sol.  Teohnol.,  Vol.  1,  1982,  pp.  293-302. 


43-3 


17.  7.  Kafalas  and  A.F.  Ferdinand,  Jr.,  "Fog  Droplet  Vaporization  and  Fragaentatlon  by  a 
10. ilia  Later  Pulse,"  Ippl.  Opt.,  Vol.  12,  to.  1,  January,  1973,  pp.  29-33. 

18.  F.  Kafalas  and  J.  Hermann,  "Dynaaioa  and  Energatlos  of  the  Zzplosive  Vaporization 
of  Fog  Dropleta  by  a  10.6  pa  Laaer  Fulaa,*  Appl.  Opt.,  Vol.  12,  Ho.  4,  April  1973,  PP. 
772-775. 

19.  F.  Chylek,  N.  Jarzaabakl,  N.  Chou,  and  I.  Flnnlok,  "Effect  of  size  and  Material  of 
Liquid  Spharloal  Partlolet  on  Laaar-Znduoad  Breakdown,"  App.  Fhya.  Lott.,  Vol.  49,  1986, 
PP.  1475-1477. 

20.  P.  Chylak,  H.  Jarzaabakl,  V.  Srlvaatava,  A.  Flnnlok,  D.  Pendleton,  and  J. 
Rrunoleton,  "Effeot  of  Spharloal  Partlolea  on  Laaer  Induoed  Breakdown  of  Gaaea,"  Applied 
Optloa  (In  praaa). 

21.  A.  Blawaa,  H.  Latlfl,  P.  Shah,  L.  J.  Radxleaakl,  and  R.L,  Araatrong,  to  ba  aubaltted 
to  Option  Lettera. 

22.  J.  B.  Snow,  S.  -X.  Qian,  and  R.K.  Chang,  "Stlaulated  Raaan  Soatterlng  froa 
Individual  Hater  and  Ethanol  Droplets  at  Morphology-Departaent  Reaonanoes,"  Opt.  Lett., 
Vol.  10,  January,  1985,  pp.  37-39. 

23.  H.  -M,  Tseng,  E.  F.  Hall,  M.B.  Long  and  R.K.  Chang,  "Laser  Ealsslon  froa  Individual 
Droplets  at  Havelangtha  Corresponding  to  Morphology-Dapendenoe  Resonances,"  Opt.  Lett., 
Vol.  9,  Noveaber,  1984,  pp.  499-501. 

24.  A.  V.  Kuzlkovskll,  L.K.  Chistyakova,  and  V.  I.  Kokhanov,  "Puload  Clearing  of  a 
Synthetlo  Aqueous  Aerosol  by  C 0>  Lesar  Radiation,"  Sov.  J.  Quantua  Electron,  Vol.  11,  Mo. 
10,  October,  1981,  pp.  1277-1281. 

25.  M.  C.  Fowler,  "Effect  of  e  C02  Laser  Pulse  on  Transalsslon  through  Fog  at  Visible 
and  IR  Havelangtha,"  Appl.  Opt.,  Vol.  22,  Me.  19,  1  Ootober,  1983,  pp.  2960-2964. 

26.  M.  Autrlo,  J.  P.  Canessa,  Ph.  Bournot,  D.  Dufresne,  and  M.  Sarazln,  "Propagation  of 
Pulsed  Laser  Energy  through  the  Ataosphere,"  A 1 AA,  Vol.  19,  Noveaber,  1981,  pp.  1415- 
1421. 

27.  U.  Kh.  Kopvlllea,  0.A,  Bukin,  V.M.  Chudnovskll,  S.  Yu.  Stolyarohuk,  and  V.  A. 
Tyapkln,  "Stlaulated  Raaan  Baokscattarlng  froa  a  Hater  Aerosol  In  the  Ataosphere,"  Opt. 
Speotrosa.  Vol.  52,  No.  2,  August,  1985,  PP.  184-187. 

Aoknowledgeaent 

The  author  wishes  to  thsnk  A.  Zardeokl  for  his  collaboration  on  soae  of  the  uork  reported 
here. 


A  STATISTICAL  AN ALTS 18  Of  POLAR  METEOR  SCATTER  PROPAGATION 
IN  TNI  45  -  104  NBa  BAND 


M.J*  Sow*  and  J  ■  M  ■  Quinn 
Applied  Electromagnetic!  Division 
Romo  Air  Development  Center 
Bsneoom  APB ,  HA  01731 
U8A 


J.B  Reemueeen  end  p.A*  Kosaey 
Ionospheric  Physics  Division 
Air  Force  Geophysics  Laboratory 
Hanioos  APB,  MA  01731 
USA 


J .  C  •  Oatergaard 
SlektronikCentralen 
DK-2970  Borehole 
Denmark 


SUMMARY 

Data  being  acquired  over  a  1200  ka  path  in  northern  Greenland,  to  characterise  the 
polar  meteor  scatter  channel,  are  described*  The  data  include  both  propagation  and 
projected  communication  statistics  Tho  propagation  statistics  inolude  arrival  rates  and 
duty  cycle  as  a  function  of  frequency  and  received  signal  level.  The  communication 
statistics  include  estimates  of  the  performance  of  a  number  of  candidate  systems  in  terms 
of  throughput  and  message  delivery  time,  as  a  function  of  frequency,  time-of-day,  season, 
data  rate  and.  modulation,  for  a  specified  bit-error-rate,  message  length  and  packet  sise. 

1.  INTRODUCTION 

The  need  for  reliable,  over-the-horixon  communications,  coupled  with  recent  advances 
in  digital  technology,  have  resulted  in  an  increased  interest  in  VHP  meteor  scatter 
propagation  to  support  backup  communications  at  high  latitudes,  whore  natural  ionospheric 
disturbances  can  severely  disrupt  the  more  conventionally  used  HP  band*  Within  the  polar 
cap.  Solar  Proton  Events  (SPE’s)  produce  ionospheric  disturbances  that  can  last  for  days, 
or  even  weeks,  often  resulting  in  extended  periods  of  HF  blackout*  Tnis  is  due  to 
anomalous  absorption  caused  by  the  increased  ionisation  in  the  D-region  (below  about  90  km) 
that  accompany  SPE's. 

Since  VHP  scatter  from  meteor  trails  occurs  in  the  90-110  km  altitude  range,  the 
survivability  o£  this  mode  of  propagation  is  also  controlled  by  the  absorption  effects 
associated  with  the  disturbed  D-region.  Theoretical  considerations  [1J  show  chat  these 
effects,  which  can  seriously  degrade  the  performance  of  conventional  meteor  scatter  systems 
operating  around  40  MHs ,  can  be  reduced  by  operating  et  higher  VHP  frequencies  This 
advantage  is  offset,  since  meteor-trail  scattering  efficiencies  decrease  signif icantlv  with 
increasing  frequency.  Thus,  there  is  a  need  to  quantify  the  trade-offs  between  these 
competing  factors  if  one  is  to  be  able  to  projeat  the  performance  of  candidate  meteor 
scatter  systems  under  both  normal  end  disturbed  ionospheric  conditions-  To  date,  however, 
little  experimental  data  have  been  available  for  this  purpose*  This  paper  describes  e 
multi-frequency  VHP  meteor  scatter  diagnostic  link  [2,3],  which  was  established  in  northern 
Greenland  by  the  united  States  Air  Force  (USAF)  to  provide  suoh  needed  data*  In  addition  to 
discussing  the  current  measurement  program  being  carried  out  over  the  link,  examples  of 
propagation  end  communication  statistics  ere  given. 

2.  U8AP  HIGH  LATITUDE  METEOR  SCATTER  TEST-BED 

The  experimental  link  An  northern  Greenland  was  establlshad  by  the  Rome  Air 
Development  Center  (RADC),  end  is  now  being  operated  by  the  Air  Force  Geophysics  Laboratory 
( APGL ) •  It  is  providing  data  to  address  a  number  of  questions  ooncsrning  the  potential 
perfoiaance  of  meteor  burst  communication  systems  in  the  polar  region,  including!  the 
availability  of  useful  meteor  trails  at  very  high  latitudes!  the  potential  communication 
capacity  associated  with  those  trails!  the  occurrence,  persistence  and  effectB  of  sporadic 
E-layersi  and  the  effects  of  polar  cap  absorption  events  on  the  capacity  of  45-104  MHs 
meteor  scatter  communication  systems 

Conventionally,  the  assessment  of  the  communication  capacities  and  bit-error-ratss  for 
meteor  scatter  systems  are  obtained  by  deploying  a  full  duplex  message  handling  eystem. 

The  method  has  the  advantage  of  providing  precise  (but  limited)  communioition  dates 
however,  the  information  is  relevant  only  to  that  particular  system  and  p-ovidea  little 
data  on  the  specific  propagation  character istlos  of  the  meteor  scatter  channel.  in 
contrast,  ths  U8AP  experimental  approach  exploits  ths  concept  that  the  meteor  scatter 
channel  oan  be  considered  as  a  transfer  function.  one  aim  of  the  experiment  is  to 
characterise  the  properties  of  the  transfer  function  in  as  much  detail  as  possible. 

The  link  is  located  entirely  within  the  polar  cap,  in  northern  Greenland  between 
Sondrestrom  Air  Base  (50°  39’W,  66o  59'N,  elevation  330m)  and  Thula  Air  Base  ( S7°  51'W,  76° 
33'N,  elevation  240m)*  Tha  path  is  1210  kilometers  long  and  is  shown  in  Figure  1*  The 
transmitter  at  Sondrestrom  Air  Base  and  the  recaivar  at  Thule  Air  Base  are  not  oonvantional 
communication  system  components*  Rather,  they  were  developed  to  investigate  features  of 
meteor  scatter  from  a  propagation  point  of  view,  as  well  as  from  a  communication  viewpoint. 
The  efforts  under  this  initial  measurement  program  have  been  concentrated  on  characterising 
the  time  and  frequency  variations  of  the  transfer  function,  including  the  variations  in  the 
instantaneous  signal-to-noise  ration  of  each  return  from  a  meteor  trail. 
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The  transmitter  at  Sondrsetrom  AB ,  which  is  computer  controlled,  provides  periodic 
transmissions  at  45,  45,  end  104  NHs •  The  first  five  minutes  of  each  thirty  minute  time 
block  ere  devoid  of  transmissions  so  that  background  noise  measurements  can  be  made  at  the 
receiver*  Following  the  noise  measurement,  a  CM  signal  is  transmitted  for  twenty-five 
minutes.  The  system  then  steps  to  the  next  frequency  104  NHs  is  repeated  bringing  the 

total  oycle  time  for  all  three  frequencies  to  7  hours-  The  cycle  is  repeated  on  a  24  hour 
per  day  basis.  The  Sondrestrom  AB  facility  is  shown  in  Figure  2  and  a  block  diagram  of  the 
transmitting  system  is  given  in  Figure  3.  The  transmitted  power  at  all  three  frequencies 
oan  be  varied-  The  transmitting  antennas  are  Yagis,  mounted  so  as  to  radiate  horisontally 
polarised  signals.  The  45  and  65  MRS  antennas  are  located  at  a  height  of  10  meters  and  the 
104  NRs  antenna  is  at  4.5  meters.  The  antenna  gains  are  about  11  dai  and  the  beamwidths 
ara  approximately  55  degrees.  During  the  operating  period  for  which  data  is  presented 
here,  the  transmitted  power  was  approximately  600  watts  at  45  NHs  and  800  watts  at  65  and 
104  MRS.  A  400  Rs  FN  modulation  is  imposed  on  the  CM  transmissions  as  a  signature  to 
identify  the  signals  at  the  receiver- 

The  receiving  facility  at  Thule  AB  is  shown  in  Figure  4  and  a  block  diagram  of  the 
receiving  system  is  given  in  Figure  5-  The  receiver  uses  a  waveform  analyser  to  capture 
the  time  history  of  each  return-  This  data  is  recorded  in  digital  fora  for  later  reduction 
and  anelyais.  The  receiving  antennas  are  similar  to  those  at  the  transmitting  site  with 
the  45,  65  and  104  NHs  antennas  mounted  at  heights  of  12.5,  10  and  4.5  meters  respectively. 
Because  of  the  desire  to  quantify  the  effects  of  polar  cap  absorption  events  on  the  meteor 
scatter  signals  and  the  background  noise,  a  special  low  noise  receiver  was  built,  having  a 
noise  temperature  of  110°  K,  or  a  noise  figure  of  1-3  d».  The  noise  equivalent  bandwidth 
is  30  KBs.  The  receiving  system  is  controlled  by  a  computer  to  cycle  the  receiver  each 
half  hour  in  accordance  with  the  frequency  selected  at  the  transmitter.  In  addition,  it 
controls  the  noise  measurements  that  are  made  during  the  first  five  minutes  of  each  half- 
hour  time  block,  and  a  system  calibration,  which  is  performed  once  each  day.  Four-second 
data  records  of  the  envelope  of  the  received  CM  signal  are  collected  whenever  the  signal- 
to-noise  ratio  exceeds  4  dB  and  the  400  Ha  signature  tone  is  detected.  The  data  are 
transferred  to  magnetic  tape  for  storage  and  futura  processing. 

3.  DATA  PROCESSING 

The  data  processing  sequence  is  shown  in  Figure  6-  The  raw  data  consist  of  voltage 
measurements  of  the  received  waveforms,  background  noise,  and  calibration  signals.  Tha 
voltage  measurements  are  then  calibrated  to  give  received  signal  power.  Bxaaplea  of  the 
calibrated  trail  returns  are  ahown  in  Figure  7.  A  header,  consisting  of  the  date,  time, 
noise  level,  transmitter  power  and  frequency,  is  attached  to  each  calibrated  data  record. 

A  specially  developed  automatic  technique  [4)  is  employed  to  identify  the  dominant 
propagation  mechanism  (ionospheric  or  meteoric) >  and,  if  it  ia  meteoric,  the  type 
(underdense  or  overdenae).  Those  trails  that  cannot  be  automatically  classified  are 
identified  and  manually  classified.  After  claesif ication ,  data  records  are  processed  using 
a  propagation/communication  statistics  program  which  creates  e  data  base  from  the 
individual  data  records  [5]*  Propagation  statistics,  such  as  arrival  rate,  duration  and 
duty  cycle,  can  be  obtained  as  a  function  of  either  Received  Signal  Level  (RSL)  or  Signal- 
to-Noiae  Ratio  (SNR).  The  communications  analyses  Includes  both  fixed  rate  signaling  and 
adaptive  signaling,  for  which  the  instantaneous  signiling  speed  is  chosen,  for  any  given 
modulation,  to  match  tha  SNR  in  the  channel.  Information  from  the  data  baas  can  than  be 
accessed  to  determine  the  propagation  end  communication  paramatera  given  in  Table  1- 

1.  Number  of  Arrivals  Bxceeding  an  R8L  Threshold 

2.  Number  of  Arrivals  Bxceeding  an  SNR  Threshold 

3.  Distribution  of  Time  Above  an  RSL  Threshold 

4>  Distribution  of  Time  Above  an  SNR  Threshold 

5.  Noise  Level  History 

6.  Distributions  of  Durations  Above  an  RSL  Threshold 

7.  Distributions  of  Durations  Above  an  SNR  Threshold 

8.  Distribution  of  Malting  Times  for  Trails  Exceeding  an 

RSL  Threshold  and  Duration  Threshold 

9.  Distribution  of  Malting  Times  for  Trails  Bxoeading  an 

8NR  Threshold  and  Duration  Threshold 

10.  Capacity  for  Idealised  Adaptive  System  for  A.T Nodes  of  propagation 

11.  Capaaity  for  Idealised  Adaptive  System  for  All  Frequencies 

12.  Capacity  for  Realistic  Fixed  Rate  System  for  All  Frequencies 

13*  Capacity  for  Realistic  Fixed  Rate  8ystem  for  All  Nodes  of  Propagation 

14.  Melting  Time  Required  to  Transmit  a  Message  for  a  Fixed  Rate  System 

Table  1.  Parameter  Optiona  for  Propagation  and  Communication  Statistics  Analysis 

4.  SAMPLB8  OF  PROPAGATION  AND  COMMUNICATION  STATISTICS 

In  this  section  examples  ere  given  to  illustrate  some  of  the  propagation  and 
communication  statistics  that  can  be  derived  from  analyses  of  the  returns  from  metaor 
trails  received  st  Thule  AB-  The  remits  are  confined  to  Nay  1985  with  the  exception  of 
an  example  given  later  to  illustrate  how  the  results  can  vary  significantly  from  season- 
co-aeaion-  Thar#  were  no  significant  ionospheric  disturbances  associated  with  any  of  the 
data  described  in  this  report 


4 . 1  Propagation  Btatlstlos 


4*1*1  Arrival  Katas  of  Nataor  Trails 

Figura  B  gives  meteor-trail  arrival  ratas  as  a  function  of  tlme-of-day  and 
operating  fraquenoy,  darivad  frost  raturns  having  raoaivad  signal  lavals  (ML* a)  exceeding 
•110  dBm.  Thara  was  about  a  3*1  diurnal  variation  in  tha  arrival  ratas  at  all 
frequencies.  Tha  arrival  ratas  for  45  MBs  rangad  froa  a  naxiaua  of  thraa  par  minute  to  a 
alniaua  of  ona  par  minute,  while  at  €5  MHs  tha  ratas  variad  ovar  a  ranga  froa  about  0*8 
par  alnuta  to  0.2  par  alnuta.  At  104  MHs  tha  corrasponding  valuas  vara  avan  lovar, 
ranging  froa  about  0.25  par  alnuta  to  0.0B  par  alnuta.  Tha  arrival  ratas  vara  highast  in 
tha  aornlng  hours,  between  0600*1200  local  tiaa  (1000*1600  UT),  and  lowest  in  tha  avan ing 
batwaan  about  1800*2000  local  tiaa. 

4.1.2  Return  Durations  and  Duty  Cyclas 

Avaraga  durations  for  raturns  with  RSL's  axoaading  -110  dBa  ara  shown  in  Piguras  9, 
as  a  function  of  tiaa-of*day  and  oparating  fraquanoy.  Tha  durations  ara  ralativaly 
constant  as  a  function  of  time*of*day;  howavar,  thay  daoraaaa  significantly  as  tha 
oparating  fraquancy  is  lncraasad.  At  45  MHs  tha  avaraga  duration  la  naarly  0.4  saconds, 
whlla  at  65  MHs  and  104  MHs  tha  avaraga  durations  ara  about  0.3  saconds  and  0.25  saconds, 
raapactivaly . 

Duty-cycles  ara  determined  simply  froa  tha  product  of  arrival  ratas  and  durations. 

As  shown  in  Figura  10.  tha  duty  oyolas  at  45  MHs  rangad  froa  a  aaxiaua  of  about  1*8%  down 
to  a  minimum  of  about  0.6%.  At  65  MHs  tha  duty  cyclas  wars  significantly  lass,  ranging 
from  about  0.5%  to  0.1%.  At  104  HRs  tha  corrasponding  ranga  was  from  about  0.12%  to 
0.03%.  For  all  thraa  fraquancias  tha  duty  cyclas  hava  diurnal  pattarns  that  closaly 
follow  thosa  of  tha  arrival  ratas.  This  is  in  accordancs  with  tha  naar  constancy  of  tha 
durations  of  tha  raturns,  as  dascribad  abova. 

4 . 2  Communication  Statistics 
4.2.1  Communication  Capacity 

Figura  11  presonts  communication  capacity  for  a  fixad  data  rata  systam,  as  a 
function  of  signaling  spaad  and  operating  fraquancy.  Tha  data  ara  for  May  1985  and  wara 
calculated  for  BP8K  modulation  and  a  10“*  Bit-Irror-Rate  (BBR).  In  addition,  a  100  bit 
packet  aisa,  an  overhead  of  16  bits  and  a  50  ms  acquisition  time  wara  assumed.  Only 
raturns  from  undardansa  and  ovardansa  mataor  trails  wara  used  in  tha  computations  (i.a., 
ionospheric  scatter  and  raturns  from  sporadic  X  layers  were  not  included).  Tha  results 
given  in  Figure  11  indicate  that  as  tha  signaling  speed  is  increased,  tha  projected 
communications  capacity  increases  markedly,  until  tha  signaling  speed  gats  to  be  several 
hundred  thousand  bits/s.  This  reflects  tha  fact  that  ovar  any  extended  period  thara 
tends  to  be  soma  trails  which  can  support  vary  high  data  ratas,  and  even  though  tha 
number  of  such  trails  may  be  vary  small  in  terms  of  tha  total  number  of  trails  that 
providn  raturns  in  that  period,  thay  could  provide  tha  means  for  increasing  tha 
communications  capacity  for  tha  period,  if  thay  can  be  exploited. 

4>2.2  Massage  Delivery  Tiaa 

This  issue  is  further  complicated,  however,  if  one  considers  another  communication's 
issue,  massage  delivery  time.  As  shown  in  Figura  12,  for  a  given  fixed-length  massage, 
thara  is  a  ralativaly  wall  defined  signaling  rata  which  will  minimise  tha  delivery  time. 
For  a  1600  bit  massage  that  rata  is  about  10  kbits/s  at  an  oparating  fraquancy  of  45  MBs. 
At  65  MBs  tha  optimum  signalling  spaad  is  about  7  kbits/s,  and  at  104  MHs  it  is  about  4 
kbits/s • 


4.2*3  Tradeoff  Between  Capacity  and  Delivery  Tima 

Figures  11  and  12  illustrate  that  thara  may  be  a  tradeoff  to  be  considered  depending 
upon  whether  tha  priority  is  minimum  delivery  time  or  maximum  capacity  Stated  in 
another  way,  if  massage  delivery  time  is  critioal,  it  appears  that  ona  should  use  a 
ralativaly  slow  data  rata,  but  use  as  many  trails  as  possible;  whereas,  if  capacity  is 
tha  overriding  factor,  it  would  be  batter  to  increase  tha  data  rata  substantially  and 
wait  for  a  particularly  strong  trail  that  will  permit  a  vary  large  amount  of  data  to  be 
transferred  ovar  tha  link. 

4.2.4  Dapandanoa  of  Capacity  on  Modulation  Schama 

Tha  capacity  of  a  mataor  scatter  system  also  depends  greatly  on  tha  modulation 
technique  that  is  employed,  as  illustrated  in  Figures  13  and  14.  Figura  13  gives 
computed  capacities  as  a  function  of  time-of-day  and  oparating  fraquancy,  assuming  a 
fi**d  data  rata  of  5  kbits/s  and  BP8K  modulation  and  the  same  oparating  parameters  used 
in  developing  Figures  11  and  12.  At  45  MHs  tha  capacity  ranges  from  just  under  50  bits/s 
to  165  bits/s  with  an  average  of  about  100  bits/s  At  65  MBs  tha  minimum  capacity  is  10 
bits/s  and  tha  maximum  is  60  bits/s,  while  at  104  MHs  tha  ranga  in  capacity  is  from  about 
3  to  9  bits/s 

Figura  14  shows  tha  affects  of  changing  tha  modulation  from  BFSK  to  noncoherent  FSK. 
For  tha  noncoherent  FSK  modulation,  tha  maximum  capacity  at  all  oparating  frequencies  is 
reduced  by  approximately  40%,  compared  to  BPSK  modulation- 


4.2.3 


Adaptive  Signaling 


rigura  15  illustrate*  that  tha  potantial  capacity  of  a  meteor  burst  communication 
system  could  ba  increased  enormously  if  adaptive  techniques  can  ba  uaad  which  will 
continuously  match  tha  signaling  speed  to  tha  SNA.  Zt  is  known  from  aarliar  experiments 
(6#7J  that  tha  maximum  signaling  rata  which  can  ba  supportad  by  a  mataor  trail  is 
primarily  limited  by  tha  fits  and  not  by  tha  cuharenoe  bandwidth  of  tha  channel.  Tha 
results  given  in  figure  13  correspond  to  a  highly  idealised  BTSK  adaptive  system 
specifically*  no  overhead  bits  or  initialisation  delays  ware  included  and  it  was  assumed 
that  signaling  speeds  up  to  250  kbits/s  ware  possible*  regardless  of  tha  8MB.  Under 
these  assumptions  tha  computed  average  capacity  at  45  MBs  varies  from  about  2400  bita/sec 
to  700  bits/s*  with  the  average  being  about  1400  blts/s*  At  63  MBs  the  average  is  475 
bits/s  with  a  maximum  of  nearly  1000  bits/s*  while  at  104  MBs  the  average  capacity  is  110 
blts/s  and  the  maximum  is  just  over  200  blts/s.  For  comparison  purposes*  Figure  16  gives 
the  results  for  a  similarly  idealised*  fixed-rate  system  with  BP8K  modulation  and  a  3 
kbits/s  signaling  rate.  For  the  idealised  fixed-rate  system  the  average  capacity  at  45 
MBs  ia  146  bits/s*  or  only  10%  of  the  oapacity  available  with  an  idaalised  adaptive 
system*  At  63  NRs  the  fixed-rate  ayatem  capacity  is  40  bits/s*  or  only  8%  of  tha 
adaptive  capacity,  while  at  104  the  average  capacity  ia  8  bits/s*  or  about  7%  of  the 
adaptive  ayatem  capability. 

4.2*6  Seasonal  Variations 

The  oapeoity  of  a  meteor  burst  communication  system  also  varies  dramatically  with 
tlms-of-yaar,  or  season,  as  illustratad  in  Figuras  17  and  18*  which  wara  darivad  from 
date  acquired  during  the  months  of  February  1985  and  July  1985*  respectively.  Along  with 
the  corresponding  results  for  Nsy  1985*  already  given  in  Figure  13,  they  provide  a 
summery  of  the  veriet tone  in  system  capacities  from  essentially  winter  conditions* 
through  spring*  end  into  summer  at  Thula.  The  data  for  February  raprssant  eesantially 
tha  minimume  observed  over  almost  a  year  of  obeervatione *  while  those  for  July  represent 
the  maximum  capacities  observed  during  that  period*  inspection  of  the  Figures  revesls 
that  the  capacity  in  July  is  a  factor  of  two  to  three  greeter  than  in  February*  depending 
upon  frequency*  In  addition*  the  times  at  which  tha  ralative  maximum  end  minimum 
capacities  occur  over  the  February  to  July  parlod  ara  closely  related  to  variations 
observed  in  the  syetem  (primarily  cosmic)  noise  background*  As  shown  in  Figure  19*  the 
peak  of  the  system  noise  slides  two  hours  psr  month*  in  accordance  with  sidereal  tima*  as 
would  ba  axpacted  if  the  system  was  cosmic  noise  limited.  For  example*  in  February  the 
peek  occurs  at  approximately  1200  UT,  while  in  Nay  it  is  at  0600  UT  end  in  July*  at  0200 
UT .  inspection  of  the  fixed-rate  system  capacities  given  above  for  the  same  months 
(Figures  17*  13*  and  18*  respectively)*  reveal  that  the  times  *t  which  the  minimum 
capacities  occur  ere  very  nearly  tho  same  as  the  times  at  which  the  cosmic  noise  is  a 
maximum*  This  indicates  that  the  variation  in  the  cosmic-noise  background  is  a  more 
dominant  lector  than  the  variation  in  ths  arrival  rate  of  the  returns,  in  terms  of  the 
resulting  diurnal  pattarn  in  the  capacity  of  a  aetaor  scatter  system* 

5*  SUMMARY 

The  U8AF  Meteor  Scatter  Test-Bed  has  been  established  to  investigate  the  potential 
performance  of  meteor  scatter  communications  in  the  polar  region,  under  a  variety  of 
normal  end  disturbed  ionospheric  conditions  The  link  is  designed  to  obtain  the  data 
required  to  cheracterise  a  number  of  important  propagation  factors*  including)  The 
diurnal  and  seasonal  variations  in  tha  availability  of  usable  mateor  trails  at  high 
latitudas*  tha  affeote  of  sporadic  I  and  othar  (non  mateor)  soattar  machanisms*  and  the 
absorption  associated  with  solar  energetic  particle  events  (FCA's).  A  primary  goal  of 
the  research  ia  to  investigate  and  quantify  how  thase  factors  vary  with  frequency  over 
the  43*104  MBs  bend.  Zn  addition*  emphasis  is  given  to  providing  date  that  can  be  used 
to  project  the  performance  of  candidate  meteor  scatter  systems*  which  may  employ  both 
adaptive  and  fixed  signaling  rates  as  well  as  a  number  of  different  modulations. 

extensive  software  packages  havs  bean  developed  to  reduce  the  large  volume  of  data 
being  acquired  on  the  link-  These  packages  automatically  classify  the  recorded  waveform 
in  terms  of  its  origin?  l.e.*  whethe:*  it  is  from  a  meteor  trail  (underdenee  or 
overdenee),  from  ionospheric  scatter,  or  from  a  sporadic  B  layer.  This  classification 
allows  the  relative  contribution  of  eech  of  the  scattering  mechanism*  to  the  overall 
system  performance  to  be  evaluated. 

The  data  reveal  that  the  contributions  of  overdense  trails  to  the  overall  system 
capacities  is  nearly  50%,  even  though  the  number  of  overdense  trails  observed  is  less 
than  10%.  This  suggests  that  theoretical  models  describing  n«;teor  scatter  propagation 
that  only  consider  underdenee  trails  (due  to  their  preponderance)  should  be  corrected  to 
include  the  effects  of  overdense  trails  Ths  data  being  acquired  over  the  Qreenland  link 
alao  show  that  sporadic  B  sventa  can  incraase  the  system's  throughput  or  capacity 
enormously  Indsed*  the  system's  overall  capacity  for  a  month  can  ba  dominated  by  the 
capacity  provided  by  a  single  sporadic  B  event.  In  the  date  described  in  this  report, 
only  the  capacities  provided  by  meteor  trails  have  been  included?  however,  in  terms  of 
estimating  the  true  performance  of  a  VHF  "meteor  burst"  system,  it  may  be  important  to 
include  the  effects  of  sporadic  f  rbe  multifrequency  date  being  acquired  over  the 
Greenland  link  indicate  that  those  effects  ars  most  pronounced  at  the  lower  VHF 
frequencies,  and  decreaa#  significantly  as  ths  operating  frequency  increases. 


Idealised  calculations,  using  tha  experiaental  data  being  obtained  In  Greenland, 
lndioata  that  tha  potential  parforaanoa  of  oandidata  aetaor  burat  ayateas  can  ha 
substantially  iaproved  if  nulti-frequaney  and  adaptive  signaling  technique*  ara  aaployad. 
Thaaa  nil!  require  aaob  aora  ecaplaa  aquipaant  than  conventional  ayataaa,  ao  that  *cost- 
affaetlvaaaaa*  aay  baooaa  an  issue  in  tha  aaaaaaaant  of  the ■daairabillty  of  exploring 
each  taahniqaea  to  help  aohieva  epeeified  ooaaunioation  raquiraaanta . 

It  la  difficult  at  thla  tlaa  to  aake  direct  coapariaona  of  tha  pertoraenoe  of 
candidate  aataor  burat  ayatwaa  operating  in  tha  polar  region  with  thoaa  operating  at  aid- 
or  low  latitude*.  thia  ia  dua  to  tha  fact  that,  tha  parforaanoa  of  a  aataor  burat  ayataa 
can  vary  greatly  with  relatively  aaall  ohangaa  in  euch  pararatera  aa  power,  frequency, 
antenna  gain,  receiver  thresholds,  path  length,  ate.  Pron  tha  data  being  acqulrad  over 
tha  Greenland  link  it  appaara  that  tha  overall  parforaanoa  of  a  given  ayataa  at  high 
latitudaa  aay  be  laaa  than  what  it  would  ha  at  aid-latituuaa  (in  accordance  with  auoh 
phyeiaal  conaldarationa  aa  tha  orbita  of  tha  nateorites),  but  without  truly  coaparabla 
aaaauraaanta,  auoh  atataaanta  cannot  be  quantified  experiaentally .  it  ia  antloipatad 
that  aoapreheaaive  phyaioal  aodela  that  ara  praaantly  being  developed  in  accordance  with 
appropriate  eapariaental  data,  auoh  aa  that  daacribad  by  Brown  (8) ,  will  provide  a  aieane 
by  which  aueh  coapariaona  can  be  aada. 
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Pig.  7.  Bxaaple*  of  rtturna  fro*  undtrdtnat  (a)  and  ovardanit  (b)  lataor  trail*. 


Pig.  8.  Meteor  return  arrival  rate  a* 
a  function  of  ti*e~of-day  and 
frequency  for  signal*  fro* 
ovardenae  and  underdense  trail* 
which  exceeded  -110  dBm . 

Nay  1985. 


Fig.  9*  Meteor  return  duration  a*  a 
function  of  tinie-of-day  and 
and  frequency  for  aignals  fro* 
overdenae  and  underdense  trail* 
which  exceeded  -110  dB*« 

May  1985. 


Fig.  10.  Meteor  return  duty  cycle  a*  a  function  of  ti*e-of-day  and  operating  frequency  for 
signal*  fro*  ovardenae  aftd  underdense  trails  exceeded  -110  dB*.  May  1985* 
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rig.  11.  Average  capacity  for  ti  fixed 
signaling  rate  ifitta  at  a 
function  of  signaling  rata  and 
operating  fraquanny.  Calculation 
bated  on  Hay  IMS  data*  BHK 
modulation*  11-4  Bid*  undardanaa 
and  ovardanaa  aataor  trails*  100 
bitt/paclcat *  16  overhead  bits  and 
a  50  at  initialisation  time. 


Pig.  13.  Capacity  for  a  fined  signaling  rata  Pig. 
system  as  a  function  of  time-of-day 
and  operating  fraquancy.  Calculation 
based  on  Way  1985  data*  a  signaling 
rata  of  5  kbit/s*  IHK  modulation* 

IB-4  BIB*  undardanaa  and  ovardanaa 
aataor  trails*  100  bits/packet*  16 
overhand  bits  and  a  50  as 
initialisation  tiaa. 


Pig.  15.  Capacity  for  an  idealised*  fully  Pig. 
adaptive  syatea  as  a  function  of 
tiaa -of- day  and  operating 
frequency.  Calculation  based  on 
Hay  IMS  data*  BpgK  modulation,  11-4 
BBB*  underdenaa  and  ovardanaa  meteor 
trails*  no  overhand  and  no 
initialisation  delay. 


Pig.  12.  Average  aaasaga  delivery  tiaa  for  a 
fined  signaling  rata  syatea  aa  a 
function  of  signaling  rata  and 
operating  frequency-  Calculation 
based  on  He*  1985  data*  BP8K 
aodulation*  IB-4  BBB*  undardanaa 
and  overdense  aataor  tralla,  100 
bite/packet,  16  overhead  bits  snd  a 
50  aa  initialisation  tiaa. 


14.  Capacity  for  a  fixed  signaling  rata 
aystea  aa  a  function  of  tiae-of-day 
and  operating  fraquancy.  Calculation 
based  on  Hav  1985  data*  a  signaling 
rata  of  5  kbit/a*  Noncoherent  PBK 
aodulation*  IB-4  BBB*  undardanaa  and 
ovardanaa  aataor  trails*  100 
bite/packet*  16  overhead  bite  and  a 
50  aa  initialisation  tiaa. 


T1K  OF  MV  «UY> 

16-  Capacity  for  an  idealised#  fixed 

signaling  rate  aystea  aa  a  function 
or  time -of -day  and  operating  frequency. 
Calculation  baaed  on  Hay  1985  data* 
a  signaling  rate  of  5  kbita/s*  BPSK 
aodulation*  IB-4  BBB*  underdenaa  and 
overdanae  aeteor  trails*  no  overhead 
bits  and  no  initialisation  delay 
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Fig.  17.  Capacity  for  a  fiiid  alqnallng  rata  Fig 
ayataa  aa  a  function  of  tia«-of-day 
and  operating  frequency.  Calculation 
baeed  on  February  1983  data*  a 
aignaling  rate  of  3  kbita/a#  BF8K 
modulation#  IK-4  BKR ,  underdenaa 
and  ovardanaa  meteor  traile*  100 
bit.s/pnckat  *  16  overhead  bite  and  a 

50  me  initialiaation  time. 


18.  Capacity  for  a  fixed  aignaling  rate 
ayatea  aa  a  function  of  tiae-of-day 
and  operating  frequency. 

Calculation  baaed  on  July  data,  a 
aignaling  rata  of  S  kbita/packet ,  16 
overhead  bite  and  a  SO  aa 
initialiaation  tiae. 
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b)  Nay 


c)  July 


FI*.  IS,  Syat.a  noli*  for  th.  Thul.  aa  a.taor  acatt.r  rac.lv. r  for  (a)  F.bru.ry  198', 
(b)  Hay  1985,  and  (c)  July  1985. 


DISCUSSION 


A.  N.  Inc,  Tu 

In  a  meteor-burst  system  callad  CONST  (you  called  lc  a  "classical 
ayataa”),  d.valop«d  at  SHAPE  Technical  Cancra  in  the  1960a,  we 
auccaaaf ully  daaonacratad  for  Cha  flrac  due  cha  valua  of 
dlvaralcy.  What  have  you  found  In  tha  high  latitudes?  Can  you 
compare  RAQ  tilth  FSCT 

Author*.  Reply 

Wa  are  wall  aware  of  your  axcallenc  raaulte  with  tpaca  dlveraity 
recaption  In  tha  CONST  ayataa*  Wa  have  not,  ao  far.  Investigated 
diversity  recaption  technique*  at  high  latltutdes.  However,  a 
frequency  diversity  asparlaent  la  contemplated. 

Aa  to  tha  specific  coding  scheaaa  to  be  used  In  a  future  high  speed 
KB  coaminlcatlon  ayatea,  for  which  the  propagation  transit  ties  could 
be  comparable  to  paefcat  length,  It  aeeaa  necessary  to  usa  aeveral 
coding  achenea,  such  aa  AKQ  and  PIC  simultaneously. 


MONTE  CARLO  SIMULATION  OF  MULTIPLE  SCATTERING  EFFECTS  OF  MILLIMETER WAVES 
FROM  RAIN  FOR  A  BtSTATK  RADAR 

by 
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Abstract 


P.-H.Von*  and  HJeske 

Mettorotogaches  butitut  dor  UtVvtrsiUt  Hamburg 
Bundosstrtue  5S 
D-2000  Hair,  burl  13 
Federal  Republic  of  Germany 


Within  the  scope  of  rain  measurements  with  a  bistatic  dual- polarization  radar,  the  influence  of  multiple  scattering 
effects  is  discussed. 


The  determination  of  multiple  scattering  intensities  (up  to  the  sixth  order)  for  frequencies  of  3)  and  94  GHz  in 
dependence  on  rainfall  .ate,  single  scattering  albedo,  volume  scattering  coefficient,  nun  her  o!  ground  reflections, 
antenna  beam  widths,  and  dimension  of  the  rain  volume  was  done  by  the  aid  of  an  efficient  Monte-Carlo  algorithm 

The  results  show  that  multiple  scattering  cannot  be  neglected  interpreting  the  scattered  electromagnetic  field  on 
the  basis  of  the  normal  radar  equation.  The  portion  to  total  scattering  can  become  more  than  3X  for  shorter 
microwaves  and  stronger  rain  rates  (say  10  mm/h). 


1.  Introduction 


As  the  operating  frequencies  of  communication  systems  and  remote  sensing  techniques  move  higher  in  the  millimeter 
wave  region,  the  scattering  cross  section  of  rain  drops  becomes  comparable  to  the  absorption  cross  section  and 
herewith  multiple  scattering  of  rain  clouds  becomes  more  and  more  probable.  Fla.  1  shows  the  single  scattering 
albedo  (ratio  of  volume  scattering  coefficient  B  and  the  volume  extinction  coefficient  &ext)  of  rain  clouds 
with  rainfall  rates  of  10  mm/h  and  10  mm/h  as  function  of  wavelength.  It  is  confirmed  that  for  wavelengths  smaller 
than  1  mm  the  outvalues  go  to  0J,  eg.  the  amount  of  scattering  equals  the  amount  of  absorption. 

In  this  paper  calculations  of  multiple  scattering  effects  at  31  and  V  GH;  for  a  blstatic  radar  geometry  will  be  pre¬ 
sented.  The  experimental  set-up  considered  is  used  for  radar  rain  measurements  with  a  dual  polarization  technique 
in  which  reflectivity  is  measured  with  two  orthogonal  polarizations.  All  interpretations  of  radar  measuring 
techniques  are  -  mostly  exclusively  -  based  on  the  well-known  radar  equation  for  single  scattering,  and  so  errors 
arising  from  multiple  scattering  are  unavoidable. 

To  handle  the  three-dimensional  multiple  scattering  problem  the  integro-differnntiai  equation  of  radiative  transfer 
has  to  be  solved.  Several  methods  are  known.  In  this  paper  an  approach  with  an  efficient  Monte  Carlo  algorithm  was 
undertaken  (Voss,  1983).  The  scattering  characteristic.;  involved  are  calculated  by  the  Mle-theory  using  a 
Marshall-Palmer  drop  size  distribution  (Marshall,  Palmer,  1941). 

Special  studies  of  multiple  scattering  of  rain  on  microwave  propagation  have  been  conducted,  see  eg.  Ishimaru  et  al 
(1972-1982),  Tsolakis  et  al.  (1982),  Oguchi  (1980,  1981).  It  is  suggested  that  multiple  scattering  for  irequencies  >  30 
GHz  and  during  heavy  rain  may  become  significant. 
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Fig,  l.i  Single  scattering  albedo  w  as  function  of 
wavelength  for  rainfall  rates  of  10  mm/h 
and  30  mm/h.  Drop  size  distribution  after 
Marshall-Palmer.  U»Q  =  VBex>  *  0JC  - 
“abs* 


2.  The  Blstatic  Radar  Set-Up 

The  Meteorological  Institute  of  Hamburg  University  made  some  rainfall  rate  measurements  with  a  blstatic  CW-radar 
at  33  GHz  using  the  dual  polarization  technique  (Dibbern,  1984,  Dibbern  et  al,  1983).  The  geometry  of  the  bistatic 
radar  is  given  in  Fix.  2a.  b  and  the  relevant  geometrical  and  technical  parameters  of  the  experimental  set-up  are 
Hated  in  Tab.  1.  Transmitter  and  receiver  of  the  blstatic  CW-radar  are  equipped  with  antennas  of  half  power  beam 
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Geometrical  and  technical  data  o I  the 
bistatic  radar  experimental  set-up, 


frequency 

33.15 

GH* 

Wavelength 

9.05 

mm 

Averoqe  power 

0.25 

w 

Half  beam  width-transmitter 

r 

Half  beam-receiver 

2* 

Antennt  gain-transmitter 

44 

dB 

Anttnna  gein -receiver 

38 

dB 

Antenna  height  (rel.)-trans-nitter 

53 

m 

Antenna  height  (rel.)-receiver 

0 

m 

Oistance  transmitter-receiver 

740 

m 

Haight  of  tingle  scattering  volume 

100 

m 

tingle  scattering  volume 

136 

m3 

Fig.  2a,  bi  Geometry  of  the  bistatic  radar 
measuring  set-up,  (a  above) .'Overlook, 
(b  below):  Details  with  3-dimensional 
rain  volume  cylinder. 


I  30.0  60.0  90.0  120.0 

FREQUENCY  CGHZD 

Volume  scattering  -  (0  ),  absorption  - 
and  extinction  -  (fl  ,)  coeffi¬ 
cient  (km-1)  as  function  of*rrequency 
for  rainfall  rates  of  0.1,  1,  10  mm/h 
(Marshall-Palmer  drop  size  distri¬ 
bution)  and  a  cumulus  congestus  cloud 
(model  C5  after  Deirmendijan). 


MP-Rainfall  rate  (mm/h) 
Single  scattering  albedo  as  function  of 
rainfall  ratej  frequencies  are  33.13 
GHz  and  9*  GHz. 


liquid  water  content  [g/m3) 

Mean  free  path  length  <1/11  J  as 
finction  of  liquid  water  SShtent 
(LWC)i  rainfall  rates  from  2  mm/h  to 
30  mm/h  are  marked  at  the  curve. 
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widths  of  1*  and  2*  for  transmitting  and  receiving  antennal,  reflectively.  The  trananltter  is  53  m  above  the 
receiver  and  the  distance  between  them  is  740  m.  The  elevation  angie  of  the-  transmitting  antenna  is  assumed  to  be 
3*,  that  of  the  receiving  antenna  78*.  The  scattering  plane  is  the  plane  thrmigh  transmitter  and  receiver,  the 
scattering  angle  for  single  scattering  amouts  to  103*  (which  gives  an  optimal  sensitivity  of  the  used  experimental 
set-up  (Dibbern,  1984)).  The  centre  of  the  single  scattering  volume  is  in  100  m  and  the  volume  amounts  to  136  m*. 
In  order  to  avoid  direct  radiation  or  disturbances  of  side  lobes  of  the  transmitting  antenna,  the  radar  receiving 
system  will  be  shielded  by  a  building. 

The  effective  transmitted  power  was  simulated  by  600000  photons,  radiated  equally  distributed  over  the  antenna 
half  beam  width.  The  receiving  antenna  is  characterized  by  an  effective  aperture  of  0.049  m',  corresponding  to  the 
antenna  gain. 

Additional  model  calculations  take  into  consideration  a  frequency  of  94  GHz  and  half  beam  widths  of  the  33  GHz 
antennas  of  0.5*  and  1*  for  the  transmitting  and  receiving  side,  respectively.  The  radiation  was  -  as  a  first  attempt 
-  assumed  to  be  unpolarized.  A  cylindrical  rain  volume  (height  4  km,  radius  variable  0.9-4.3  km)  is  assumed  to  be 
over  the  radar  set-ig>  (Fig.  2b). 


3. 


The  Relevant  Optical  Parameters 


The  optical  parameters  which  control  the  radiative  transfer  including  multiple  scattering  processes  and  which  are 
input  parameters  for  the  model  calculations  may  be  shortly  discussed. 


The  single  scattering  albedo  LJ  as  function  of  wavelength  is  given  in  Fig.  1  (for  rainfall  rates  of  10  and  50  mm/h 
and  a  Marshall-Palmer  drop  size  distribution).  It  is  determined  by  the  volume  Mie  coefficients  for  scattering  Bjc, 
absorption  fl^ji  and  extinction  fiext  and  may  be  interpreted  as  scattering  probability  of  the  photons.  The 


probability  of  an  absorption  event  is  then  given  by  (1  -  we).  Fig,  3  presents  the  dependence  of  BJc, 


W  Be*t  on 


frequency  for  some  rainfall  rates  and  a  "cumulus-congestus"cloud  model  (C5  after  Deirmendijan,  1975).  The 
increasing  influence  of  scattering  against  absorption  at  shorter  wavelengths  can  be  seen  (as  in  Fig.  1).  The  increase 
of  single  scattering  albedo  as  function  of  rainfall  rate  (for  33  and  94  GHz)  is  shown  in  Fig,  4. 


The  mean  free  path  length  (l/flext)  as  function  of  liquid  water  content  (corresponding  to  rainfall)  is  represented  in 


Fig,  5.  This  quantity  is  proportional  to  the  distance  between  two  interactions  inside  the  rain  volume. 


The  transmittance  exp-  %  ,  where  W  is  the  optical  thickness  ( tT  a  Uex^  s),  is  determined  by  the  volume  extinction 
coefficient  Bfixt  and  a  distance  s.  The  term  (i  -  exp-  K )  is  the  Interaction  probability  within  the  distance  s. 

The  discussed  optical  parameters  Wext,  1/Bext>  wo)  are  summarized  in  Tab,  2. 

Fig,  6a  shows  the  normalized  scattering  functions  P(©)/4sf  for  frequencies  of  33  and  94  GHz  and  rainfall  rates  of 
10  and  50  mm/h.  Normalization  means  that 


(1) 


(1/4T  )^l 


p(e)  d  a  =  i 


where  d  ft  is  the  solid  angle  element.  The  pronounced  Mle-etfect  (foreward  scattering)  at  94  GHz  becomes  obvious. 
An  example  of  a  cumulative  phase  function  PP(@)  for  a  rainfall  rate  of  30  mm/h  is  given  in  Fig.  6b.  PP(@)  is 
determined  by 


(2) 


■/' 


pp(©)  =  i/2  /  p(e)  sin  ede. 


It  can  be  seen  that  scattering  in  foreward  direction  (scattering  angie  0-90*)  occurs  for  94  GHz  in  70*  of  cases  and 
for  33  CHz  in  30%  of  cases  (P.ayleigh  scattering).  P(@)  and  PP(@)  are  the  basis  for  the  determination  of  the 
scattering  angles  on  the  paths  of  the  photons. 
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Fife  6«t  Normalized  phase  function  P(0)/** 
for  different  rainfall  rates  as  function 
of  the  scattering  angle  0;  frequencies 
are  13.15  GHz  and  94  GHz,  rainfall 
rates  are  10  and  50  mm/h  for  33.15 
GHz  and  10  and  30  mm/h  for  94  GHz. 


Flfcjbi  Cumulative  phase  function  for  a  rain¬ 
fall  rate  of  30  mm/h  as  function  of 
the  scattering  angle  ©.  frequencies 
33.15  GHz  and  94  GHz. 


V 

GHz 

t 

•c 

kw”1 

IDs 

LHC 

1 '  8.,t 
km 

CLOUD  C.5 

94.00 

0 

.3568 

.41  E-03 

.30 

2.8027 

CLOUD  C. 5 

33.15 

0 

.6105  E-01 

.72  E-04 

.30 

16.3800 

CLOUD  C.5 

33.15 

10 

.4837  E-01 

.92  E-04 

.30 

20.6740 

RAIN  MP.  1 

94.00 

0 

.3048 

.  3850 

.09 

3.2808 

RAIN  MP-  1 

33.15 

10 

.5098  E-01 

.1990 

.09 

19.6155 

RAIN  MP-  10 

94.00 

10 

1.881 

.4773 

.62 

.5316 

RAIN  MP-  10 

33.15 

10 

.5935 

.3485 

.62 

1.6849 

RAIN  MP-  20 

33.15 

10 

1.176 

.3902 

1.10 

.8501 

RAIN  MP-  30 

94.00 

10 

4.068 

.5001 

1.54 

.2458 

RAIN  MP-  30 

33.15 

10 

1.729 

.4127 

1.54 

.5784 

RAIN  MP-  40 

33.15 

10 

2.256 

.4278 

1.96 

.4432 

RAIN  MP-  50 

94.00 

10 

5.740 

•  5U96 

2.36 

.1742 

RAIN  MP-  50 

33.15 

10 

2.762 

.4389 

2.36 

.3621 

RAIN  MP-  60 

33.15 

10 

3 .  ?49 

.4477 

2.75 

.3078 

RAIN  MP-  100 

33.15 

10 

5.055 

.4704 

4.18 

.1978 

RAIN  MP- 100 

94.00 

10 

9.042 

.5215 

4. 1C 

.1106 

RAIN  MP- 150 

33.15 

10 

7.077 

.4867 

5.81 

.1413 

RAIN  MP-  200 

33.15 

10 

9.055 

.4998 

7.52 

.1104 

Tab,  2: 

Extinction  parameters  (B  i/u  , 

«  )  and  liquid  water  coni&tt  (Lvft?f  of 
clduds  with  different  rainfall  rates  for 
frequencies  of  33.15  GHz  and  94  GHz. 
For  comparison,  values  of  a  C5  cloud 
(cumulo  congestus)  are  given;  tempe¬ 
rature  mostly  10“C. 


The  ground  reflections  are  characterized  by  Fresnel  reflection 
calculated  for  a  water  film  (refractive  index  after  Ray  (1 972)1 
ground  during  moderate  and  heavy  rain. 


coefficients  of  0J  (33  GHz)  and  0J5  (94  GHz), 
m  =  4^3-2,72  i,  temperature  1 0 n C )  covering  the 


e  transfer  of  radiant  energy  through  a  given  scattering  and  absorbing  medium  is  considered  as  a  photon  transport 
L  Th  Z  Car‘°  m0de‘  5imU‘atinS  thC  Phy5ks  01  ,he  interacti°ns  of  the  photon,  with  the  medium. 

^hwel  'e  J  "  *  St0CheS,‘C  Pr°CeS5’  S°  3150  U  th'  M°Me  Car'°  SimUiati°n  (MarChUk  Ct  ^  19S0- 
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4.1.  The  Manta  Cgrio  Simulation 

In  Monte  Carlo  computation*  simulating  radiative  transfer  one  photon  at  a  time  is  followed  on  its  three-dimensional 
path  through  the  scattering  and  absorbing  rain  medium.  The  various  events  which  may  happen  to  the  photon  on  its 
way  are  defined  by  suitable  probability  distributions  determined  by  the  intrinsic  radiative  properties  of  the  rain 
voltsne  wq,  Bext,  PP(©),  P(©)/4V  (s.  Chapt  3X  A  set  of  random  numbers  equal  distributed  between  'O'  and  *1*  is  then 
used  to  make  a  particular  choice  for  the  result  of  each  event.  The  averaged  outcome  of  a  large  number  of  such 
photon-histories  then  provides  an  unbiased  solution  to  the  transfer  problem  under  Inclusion  of  multiple  scattering. 

When  large  optical  depth*  are  present,  and  computer  time  becomes  prohibitiv,  photons  followed  on  their  way  are 
assigned  a  statistical  weight  W,  which  initially  has  the  value  '1'  defining  a  fraction  of  the  actual  transmitting 
energy.  The  statistical  weight  may  be  reduced  proportional  to  the  probabilities  of  all  the  physical  events  occurring 
during  simulation  (Davies,  1976,  Paltrldge,  Platt,  1976V 

In  our  case  of  propagation  through  an  isolated  rain  medium  (cylindsr)  the  only  processes  to  be  simulated  without  a 
weight  reduction  (direct  simulation)  are  a)  the  emission  at  the  antenna  (emission  angle),  b)  the  distance  travelled  by 
the  photon  between  two  interactions  and  c)  the  change  in  direction  caused  by  a  scattering  event. 

a)  The  emission  angle  ©^  inside  the  half  beam  width  Jr  s  of  the  antenna  can  be  simulated  by  a  random 
number  RN  uniform  distributed  between  ■O'  and  '1'  according  to 

(3)  cos  ©s  =  cos  (RN  ^  sV 

b)  The  simulation  of  the  distance  travelled  by  the  photon  is  direct  since  the  cumulative  probability  PR(s) 
that  a  photon  travelling  in  a  given  direction  will  have  had  a  collision  within  a  distance  s,  is  given  by 
(Davies  (1976),  Paltridge,  Platt  (1976)) 

(4)  PR(s)  =  1  -  exp  (-  Boxf  s)  =  i  -  exp  - 

A  random  number  with  uniform  distribution  between  'O'  and  RN,  is  chosen  for  PR(s)  and  the  distance 
s  to  the  next  collision  is  calculated  from 

(5)  s  =  -  (1/Bext)  in  (1  -  RN). 

c)  The  change  in  director,  caused  by  scasttering  is  governed  by  the  single  scattering  phase  function  (s.  Fig. 
6a),  P(©)/*1T  ,  which  defines  the  angular  distribution  of  the  radiation  following  a  scattering  event.  The 
scattering  angle,  ©>  is  measured  from  the  direction  of  propagation  before  the  scattering  to  the  direction 
after  scattering.  Thu  normalized  phase  function  (s.  tqu.  1)  is  independent  of  the  second  angle  needed  to 
define  the  direction  of  propagation  after  scattering  This  second  angle,  $,  is  a  rotation  about  the 
direction  of  propagation  before  interaction  (scattering),  is  selected  randomly  between  0  and  2T. 

To  determine  the  scattering  angle  ©’we  need  the  probability  of  a  photon  being  scattered  between  O  and  ©',  the 
cumulative  phase  function  PP(©)  (s£qu.  (2),  Fig.  6b).  From  this  the  scattering  angle  ©'  is  determined  by  choosing  a 
random  number  RN  between  D'  and  for  PP(©)  and  solving  Equ.  (2)  for  the  upper  integration  limit  (Davies,  1976). 

M.  Variance  Reduction  Methods  in  Monte  Carlo  Simulation 

To  make  the  Monte  Carlo  simulation  more  efficient  soma  variance  reduction  methods  are  introduced  where  the 
photons  are  forced  to  perform  interactions  inside  the  rain  volume  until  they  deliver  a  non-negiegible  weight  to  the 
received  signal  up  to  a  fixed  number  of  scattering  processes. 

1.  In  an  efficient  Monte  Carlo  method  a  photon  or  its  weight  W  is  never  terminated  through  absorption  At 

each  collision  the  statistical  weight  before  collision  is  multipled  by  the  single  scattering  albedo. 
This  corrects  for  the  absorption  probability  for  the  interaction.  The  photon  then  undergoes  scattering 
and  continues  on  its  path. 


2,  The  photons  are  not  allowed  to  leave  the  rain  volume  through  the  top  or  the  aides  of  the  rain  cylinder 
(Collins  et  aL,  1972).  If  the  photons  extended  path  intersects  the  upper  bound  or  the  tides  of  the  rain 
cyliner,  a  collision  it  forced  to  occur  so  that  the  photon  never  leaves  the  rain  medium.  The  distance  to 
the  forced  collision  'LR'  Inside  the  rain  medium  on  the  way  from  the  last  event  to  the  border  of  the  rain 
volume  is  chosen  by  a  random  number  RN  from  a  truncated  density  function 

(6)  LR  .  l/6ext)  In  (1  -  RN  (1  -  exp  -  *Q» 

where  tg  is  the  optical  depth  along  the  path  to  the  bound  of  the  rain  volume.  Each  time  such  a  collision 
Is  forced  to  occur  before  the  photon  escapes  the  rain  volume,  the  statistical  weight  associated 
with  a  simulated  photon  is  reduced  by 

(7)  Wn  >  Wn_1  (1  -  exp  -  <B). 

This  removes  the  bias  introduced  by  forcing  the  collision.  The  term  (1  -  exp  -  eB)  corresponds  to  the 
probability  of  s  photon  interaction  along  the  way  from  the  last  (scattering)  event  to  the  bound  of  the 
rain  volume. 

3.  If  a  direction  to  the  ground  and  a  distance  greater  than  the  distance  along  the  path  to  the  ground 
surface  is  selected,  a  reflection  is  forced  at  the  point  where  the  photon  path  intersects  the  ground 
surface.  The  weight  parameter  of  the  photon  is  then  multipled  by  the  ground  reflection  coefficient  R. 
The  correspondent  absorption  probability  is  given  by  (I  -  R). 

S.  If  a  scattering  event  occurs  inside  the  receiving  cone  the  photon  is  forced  to  scatter  direct  into  the 

receiver  (receiving  apertix-e  area)  and  the  probability  PR  =  Wn  of  scatter  directly  into  the  receiver  is 
calculated  according  to 

(s)  pr  =  wn  =  wn_1  «P(5)  d S  /*•* )  exp  -  r rL 

It  gives  the  final  weight  of  each  photon  reaching  the  receiver  (Paltridge,  Platt,  1976).  "P(@)  dS/tt"  is  the 
proOability  of  scattering  directly  into  the  receiver  where  d  ®is  the  very  small  solid  angle  subtended  by  the  receiver 
aperture  area  at  the  point  of  scatter  inside  the  receiving  cone.  The  term  "exp-f^"  is  the  probability  of  direct 
transmission  into  the  receiver,  *T  R  is  the  optical  depth  from  the  last  point  of  scatter  to  the  receiver  and  P(©)  is 
the  value  of  the  phase  function  at  the  angle  ©  defining  the  direction  of  the  receiver  (centre)  from  the  direction  of 
travel  before  the  last  scattering  event. 

All  the  photons  with  their  associated  statistical  weights  arriving  at  the  receiver  during  the  simulation  will  be 
summed  up,  subdivided  according  to  the  order  of  scattering  processes.  A  measure  of  multiple  scattering  Is  then 
given  by  the  ratio  of  the  sum  of  all  photon  weights  after  multiple  scattering  processes  to  the  sum  of  single 
scattering  photon  weights. 

3.  Results 

3.1  Different  Order  Scattering  Effects 

To  show  the  contribution  of  different  order  multiple  scattering  k  up  to  k  s  6  to  the  total  multiple  scattering 
intensity  in  dependence  of  rainfall,  frequency,  and  half  beam  width  of  the  receive!  antenna  the  dimensionless 
relation  of  different  order  received  Intensities  to  the  total  multiple  intensity  is  presented  In  Tab.  3  (in  percent). 
The  calculations  were  ne  with  600000  photons  and  a  radius  of  the  rain  volume  cylinder  of  2  km.  The  dominating 
part  of  multiple  scattering  r»sults  from  second-order  scattering  with  more  than  80%  and  third  order  scattering  with 
6-13%  for  rainfall  rates  between  10  and  100  mm/lt  Higher  order  scattering  contribution  for  33  GHz  arc  mostly 
below  3%  and  for  96  GHz  somewhat  larger,  and  may  be  neglected  for  the  given  scenario. 

It  will  be  seen  from  Tab.  3  that  the  importance  of  second  order  scattering  intensity  in  relation  to  higher  order 
scattering  intensity  decreases  with  increasing  rainfall  rate  and  decreasing  antenna  beam  width. 
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Order  of 
Mattering  k 

V  a 33.13  GHt 

Mat* 

CHi 

Y.* 

1-0’  i  Yt 

a  2.0s 

T«*  l.B‘l  Y,«  J.0*  | 

NS  -  10 

NS  -  30 

NS  -  10 

— NS.  -  SO. 

NS  -  100 

HP  -  10 

h4  -  Id 

k  *1 

•7.74  X 

•3*34  ft 

».»  ft 

90.34  X 

MS. 47  ft 

•2.44  ft 

•2.34  ft 

K  «  J 

11.41  ft 

U.29  ft 

3.91  X 

7.94  ft 

10.39  ft 

13.34  ft 

11.M4  ft 

k  a  4 

0.48  X 

1*72  X 

0.74  X 

1.33  X 

2.41  X 

1.29  ft 

3.84  ft 

k  •  J 

o.n  ft 

0.34  ft 

o.n  x 

0.29  ft 

l.os  a 

0.43  ft 

1.39  ft 

k  li 

0*01  X 

0.09  ft 

0.02  X 

0.08  X 

0.20  « 

0.04  ft 

0.33  X 

Tab.  >i 

TM  relative  significance  of 
scattering  of  different 
order  k  (rsjtlo  of  scattering 
of  the  kw  order  to  the 
total  multiple  scattering)  in 
dependence  of  frequencies, 
rainfall  rates,  and  half  an¬ 
tenna  beams. 


Fin.  7i 

Ratio  of  multiple  scattering  intensity 
to  single  scattering  intensity  for  the 
bistatic  radar  used  as  function  of 
rainfall  rater  frequencies  33.13  GHz 
and  »  GHzj  half  antenna  beam  widths 
OJ*  and  1*  (transmitter)  and  1*  and  2* 
(receiver)  for  33  GHz,  1*  and  2*  for 
9*  GHz;  u i -values  are  marked  at  the 
curves. 


3 .2  Multiple  Scattering  as  Function  of  Rainfall  Rate  and  Frequency 


The  main  results  of  the  Monte  Carlo  Simulation  are  summarized  in  Fig.  7  showing  the  ratio  of  multiple  scattering 
intensity  to  single  scattering  intensity  (in  percent)  as  function  of  rainfall  rate.  Marked  at  the  curves  are  the  diffe¬ 
rent  values  of  single  scattering  albedo  for  some  rainfall  rates  and  two  frequencies  (33  GHz  and  90  GHz).  The  upper 
dashed  curve  gives  the  fictlve  case  of  scattering  (33  GHz)  by  a  rain  of  pure  dielectric  spheres  without  absorption 
(approximated  by  dry  Ice  spheres  or  hail,  w  Q  e  1  for  all  "rainfall  rates'^  The  amount  of  multiple  scattering 
increases  from  2.4%  at  10  mm/h  to  20.4%  at  100  mm/h.  This  curve  presents  an  upper  limit  of  multiple  scattering 

effects.  The  more  realistic  case  for  rain  and  frequency  of  33  GHz  is  given  by  the  thick  solid  line.  For  10  mm/h  (t» 

o 

-  0J3),  multiple  scattering  amounts  to  1%,  increasing  to  9.3%  for  a  rainfall  rate  of  100  mm/h  (w  =  0.47). 

o 
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Calculations  tor  a  frequency  of  9*  CHs  and  rainfall  rata*  of  10  mm/h  (  w>Q  •  0.41)  and  50  mm/h  (  h»o  >  0J0),  at 
given  In  the  -  -  a  -  curve  of  Fig.  7,  allow  a  distinct  incrcaae  of  multiple  scattering  up  to  32X  or  MX  at  rainfall 
rates  of  10  mm/h  and  JO  mm/h,  req>*ctively. 

The  influence  of  tingle  scattering  albedo  (Inverse  proportional  to  thr  mean  free  path  length  of  photons  l/*cxt,  a 
Tab.  2)  Is  obvious. 

JJ  The  Influence  of  Antenna  Beam  Widths 

The  halve  nir^  of  the  antenna  beam  widths  at  considered  for  33  CHa,  see  lower  dot-dashed  curve  In  Fig.  7,  leads  to 
a  significant  decrease-  of  multiple  scattering  Intensity.  For  half  beam  widths  >f  0J*  and  1*  (transmitter  and 
receiver)  the  amount  of  multiple  scattering  decreases  far  a  rainfall  rate  of  10  mm/h  to  0JX  (previously  IX)  and  for 
30  mm/h  to  1.7X  (previously  32XX  That  means,  with  the  possibility  to  have  narrow  antenna  beams  at  higher 
microwave  frequencies  the  Influence  of  multiple  scattering  may  be  set  down  significantly. 

6.  Conclusion 

Multiple  scattering  of  millimeter  waves,  especially  due  to  second  and  tltird  order  scattering,  amounts  for  moderate 
and  heavy  rain  to  some  percent  and  has  to  be  noticed  interpreting  radar  rain  reflectivities.  Using  strongl:  bundellng 
antennas  (half  beam  widths  *  0.3*)  the  effect  may  be  largely  avoided.  However,  the  case  of  high  u  ^-values  det¬ 
rain,  hail)  coupled  with  propagation  of  high  frequencies  (say  40  CHa)  and  heavy  rainfall  rates  remain  particularly 
critical  in  this  connection.  Not  mentioned  here  are  the  other  propagation  effects  as  phase  shifts  or 
cross-polarization  effects  produced  by  a  rain  cloud, 
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DISCUSSION 


A.  Ishlaaru 

Miui  respond  to  coasMnte  made  by  Prof.  Varadan  on  whether  aultlpla 
scattering  naada  to  ba  conaldarad  (or  rain  because  lta  volume  danaity 
la  low. 

Author's  Reply 

Evan  It  tha  voluaa  danaity  ia  small,  aultlpla  aeattarlng  cannot  ba 
naglaetad.  Tha  pair  corralatlon  can  ba  neglected,  but  the  aultlpla 
aeattarlng  dua  to  indapandant  acattarera  la  algnlf leant . 

A.  N.  Inca,  TU 

Ia  thara  a  phyalcal  explanation  for  tha  (act  that  at  vary  aaall 
wavelengths  and  heavy  rain  6gc  and  are  almost  equal? 

Reply  by  A.  Ishlaaru 

The  absorption  and  scattering  are  SOX  each  in  the  high  frequency 
limit  because  the  total  cross  section  approaches  twice  the  geometric 
cross  section  and  the  absorption  cross  section  approaches  the 
geometric  cross  section  in  a  high  frequency  limit. 
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SUMMARY  »  SESSION IX 
IONIZED  MEDIUM 

** 

K.CYeh,  Seuion  Chairmen 


Foe  over  five  decades,  the  ionosphere  ha*  been  known  to  go  turbulent  quite  frequently,  When  this  happens,  the  electron 
density  in  the  ionosphere  is  found  to  fluctuate  with  position  and  time.  The  effect  created  by  these  density  fluctuation?  it  to 
scatter  radio  waves.  Such  scattering  can  be  manifested  in  different  ways  when  probed  by  a  radio  wave.  When  the  turbulent 
ionosphere  is  sounded  by  a  radar,  the  returned  echo  is  smeared  to  create  what  is  commonly  called  the  *spread-F’  echo.  On  the 
other  hand,  when  a  radio  rigaal  passes  through  such  a  turbulent  ionosphere,  the  signal  it  found  to  fluctuate  or  to  scintillate.  This 
session  deals  with  the  interaction  of  radio  waves  with  the  turbulent  ionised  medium  and  the  use  of  this  interaction  for 
geophysical  and  astronomical  interpretations. 

The  first  paper,  by  A-Hewith.  describes  an  experimental  program  that  uses  the  scintillation  technique  to  determine  the 
shape  and  location  of  large-scale  perturbations  of  interplanetary  plasma.  The  observation  shows  that  the  source  of  solar 
transients  is  the  open  magnetic  field  regions  known  as  coronal  holes,  in  contradiction  to  the  long-held  theories  in  solar- 
terrestrial  physics.  The  author  further  suggests  that  his  observational  program  can  be  used  to  forecast  the  arrival  of 
interplanetary  shocks  and  hence  the  onset  of  geomagnetic  storms. 

In  the  second  paper  of  this  session,  Aarons  and  Rodger  use  the  scintillation  and  sprend-F  measurements  to  measure  the 
presence  of  ionospheric  irregularities.  They  suggest  that  during  magnetic  activities,  the  irregularities  observed  at  the  subauroral 
latitudes  may  be  either  converted  from  higher  latitudes  or  created  by  the  penetration  of  the  electric  field.  They  further  suggest 
that  the  ring  current  msy  supply  the  energy  needed  to  create  irregularities,  during  the  recovery  phase. 

The  effect  of  ionospheric  irregularities  on  a  radar  signal  is  examined  by  G.S.  Sales,  the  author  of  the  third  paper.  He 
calculates  the  power  scattered  from  irregularities  donged  along  the  magnetic  field  when  the  incident  ray  is  perpendicular  to  the 
magnetic  field.  The  scattered  power  is  otrerved  by  an  over-the-horixon  radar  as  ionospheric  clutter. 

In  the  lest  paper  of  this  session,  Basu  et  el.  report  their  scintillation  observations  from  the  orbiting  Hilat  satellite.  The  most 
consistent  end  conspicuous  feature  of  the  scintillation  phenomenon  observed  at  an  auroral  oval  station  is  the  geometric 
enhancement  when  the  propagation  path  is  aligned  with  the  local  magnetic  L-shell.  Joint  study  of  scintillation  observations  with 
the  total  electron  content  end  other  in-si tu  measurements  provides  insights  of  ionospheric  coupling  from  the  magnetosphere. 
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■MWtlc  IHWIIIMI  erittaatlat  Mtkita  aaaa*  wmprtH  itm  oboe  thoy  met  the 

knt.  Dm  Uilatmn  offset  tap  HmUImI  pwr  PM  Mtwrtn,  Ihtnm  Un 

ataoayharlc  taMlty  oat  tal  oa  satellite*,  «t  in  mippIP  tv  Hmn  »f  mrptlc  yartlcl**  okleh 
KMNt  NlliUM  tmrti  M  nta  pupcntt.  Ml  ppr  tmrltM  a  m  p««P-P»P  PtM  for  lawtlp 
ata  trackloy  troasloat*  la  latorylaaotary  t»aeo  loot  toforo  thoy  rooek  tin  UrU.  Coattaooot  obaorvatloa*  of 
traaotoat*  dariag  a  too  yoar  yorlot  aoar  ooaoyot  atalaoa  too*  tatiMM  tto  potential  of  tto  tochalao*  for 
yrotictlay  pmpodc  otoroo  aa*  |lni  aoa  iafaraatloa  oa  tto  toaoo  or  tto  tolar  disk  fraa  oh  let  troaoloata 
ortylooto.  Tto  lattor  ooetratlwta  oaao  oltsly  toll  ttoorloo  la  aolar-torrootrial  ykyolct  «ri  atom  ttat  ■ 
■ajar  rootaloa  of  lioaa  la  aoM.  Ooatrory  ta  oayao  tot  loot.  It  tao  taoa  foaai  ttat  nyaa  a— attic  Molt 
roflaaa  haswo  at  ooroaal  boloa  aro  tto  Soolooat  ooortat  of  tto  aoot  yooorfol  latorylaaotary  abort i,  Tbit 
rooalt  coafllcto  olth  the  color  flare  theory  of  (ooaspnotle  a  term. 


imaowcTiov 

A  aatlafactory  itoty  of  aolar-torroatrlal  rolatlaaotlyo  tsasado  aaaa  aoaaa  of  eoatlaooooly  oaaltorlac 
ceeditisa*  la  the  latorylaaotary  optica  bo  toaoo  the  tab  oat  tto  tarth  aa  a  roottaa  taala.  Vittewt  aoot 
laforaatloo  tto  ralatloa  to  too  to  aeaata  at  tba  Barth  aa*  their  caaaeo  oa  tto  Sea  la  electa*  by  cacortota 
kaaoleOie  of  the  troaolt-ttao,  oa*  aloe  tba  roflaa  of  orltla  oa  tba  Baa.  Tba  discovery.  la  IBM.  that 
lrrofolarlttao  of  ylaaaa  Oaaalty  la  the  aolar  ala*  cacao*  torttla  ratio  yalaaloo  aa*  tcoaaro  to  aelatlllato 
oyoat*  ay  the  yaaalblllty  that  oaatlUoro  cleat  tba  Hat  at  al*t  cool*  ho  aoaltere*  by  yrcoat-baaot  ratio 
toloocoyoo.  I  alt  lolly  tba  taabalyaa  cat  coat  to  aacaaro  tba  ayaot  of  tba  aolar  ota*  aa*  to  otoirvo  the 
yaoaaya  yaot  tba  Barth  of  1  act- 1  loot  c  pay  r  aoa  loo  roflooa  aaaaelatat  oltt  eorotatlav  atroaao  (t.  1).  toch  oork 
coo  bo  toco  by  oboorolav  oaly  a  fan  ratio  oaoraoa  olth  aataot  ratio  toloocoyoo.  hot  otayoata  aayylat  oat 
tract lot  of  abort- lint  tlatartaacao  toaaata  caatlaoooa  ataaroatloao  aeroaa  a  (rlt  of  aaay  aoorcea.  Tblo 
bocooo  yaoatblo  olth  tba  caaylotlaa  of  tba  *.*  hoc  tar*  yhaaot  array  at  Coabrityo  la  lara  oblch  caa  ohoaroo 
t, 100  oooreoo  oa  a  rootlaa  tally  taala.  fallwlav  ca  ratal  ealtbratlaa  ooor  a  yorlot  of  too  year*,  tori  at 
oblch  aaay  tlfforeat  tlatartaacao  near  tba  Barth  oar*  aayyat  yaoatltativoly,  aat  tba*  caoyarot  oltb  ta-alto 
obaarratlaaa  of  tba  aaaa  ylaaaaa  by  ayococraft ■  It  oaa  fooat  that  aclatlllotlaa  yrovltot  a  rallablo  aoaaa  of 
tateralalay  tba  aaaa  taoalty  alaac  tba  11m  of  atyht  te  a  ratio  aoorco .  Tba  rolaooat  yortloa  of  tba  Uaa  of 
eight  oatoata  for  a  laaytb  of  aboot  *.t  to  1.0  M.  fro*  tba  Barth  aa  that  aajor  ttitorhoaco*  caa  bo  track** 
ooor  a  root*  of  raagkly  a.*  ta  l.«  AH.  froa  tba  Boa. 

Tblo  octattllatlaa  toohutyso  la  corrootly  tho  oaly  aatbot  aoallablo  for  totoralaloc  tbo  okay*  oa*  locatloa 
of  laryo-oeal*  yartarbatloaa  at  ylaaaa  taaalty  la  lateral  am  tary  ayoco.  Spot  aoaooraaoata  by  ayococraft  at  a 
faa  location  la  tooy  oyaoo  boo*,  of  cooroo.  baoa  aato.  hot  oa  far  thoy  have  bean  coaf loot  to  tbo  ocllytlc 
ylaao  oat  boo*  Blow  a  vary  lacoayloto  ytetor*  at  tho  aaryboloyy  of  tlatorbaacoo .  ayoco  bora*  ahite-llabt 
coroeayroyho  ban*  boa*  oaa*  to  aoa  traaalaata  of  lohaaoot  toaalty  ta  tho  aolar  ccroaa  oat  ta  tea  aolar  rot  11 
Tblo  a* that  la  aaot  aoaaltloo  to  traaalaata  laaolav  tbo  aolar  Hah,  la  tlroctloaa  yoryoatlcolor  to  the 
Boa-Sarth  Ha*,  oat  to  tbarafara  not  ooofol  tar  locatlay  tlotortaacaa  oa  aa  Barth-booo*  cooroo. 
tclatlllatloo,  oa  tba  other  boat,  la  aoot  ooaoltloo  to  troaoloata  that  latorcoyt  tba  Barth. 

Tbla  yayor  ootllaao  tbo  oooeatial  foatoro*  of  tbo  oclatlllatioa  aotbot  aa*  aoattoaa  too*  coaclooioaa 
roacbot  tor lay  a  too  yoar  ototy  of  latorylaaotary  tlatorbaacoo  durlat  l*T*-*i .  Tbla  yorlot  ooa  clooo  to  tba 
aaalaaa  of  aolar  cycle  *1  aa*  laclotat  aaay  yonaaiaotlc  disturbance*.  All  alyalficaat  aayaotlc  otoroa  aat 
oaoryatlc  yartlcl*  aooata  at  tbo  Barth  core  clearly  aaoociata*  olth  latorylaaotary  tlatorbaacoo  that  aoro 
aayyat  by  oclatlllatioa.  Oa  tbo  other  baa*  aoa*  of  tbo  ohooroot  traaalaata  ooi*  travolltay  at  to*  otto  aa 
aayl*  to  oayolf  tba  Barth  aa*  tboa*  tit  aot  yoaorata  torroatrlal  of fact*. 

Tba  utility  of  roooto-aoaalat  by  oclatlllatioa  for  yrotlctlat  foocayaotlc  atoraa  aa*  yartlcl*  *o*et*  ooa 
oaoeoao*  froa  a  ototy  of  tt  aajor  tlatorbaacoo.  Tbla  abaci*  that  roal-tlaa  data  yrecoaalay  ooold  ban  Bins 
at  loaot  M  boor*  caralay  of  tba  arrival  of  latorylaaotary  oboefca  at  tba  tarth  la  aoat  caa**.  aa*  sonatinas 
coaaltarably  aoro.  Tba  ISA  "coraorotoao*  proyraaa*  for  aelar-torrootlral  yhyolco  la  tba  ItSO'*  coatroa  oa  the 
Solar  Btih-Raoolotloa  Obaoroatory  (aoao)  to  bo  locate*  at  ayyroxlaatoly  l.S  Mb  froa  tba  Barth  oa  tbo 
too  Barth  Uaa.  In-alta  oboaroatlooa  of  larth-booad  tlatorbaacoa  by  SOBO  dll  proviso  a  oaraiay  of  losa  than 
oa*  boor,  ohlch  oatarltaoo  tba  atvaatay*  of  roaoto-aoaolnf  by  aclatlllatloa. 

Tbo  ability  to  locat*  tho  orltla  oa  tba  oolar  dlak  of  aajor  latorylaaotary  disturbances  baa  (Ivon 
laforaatloo  of  fan  Mantel  layortaaco  to  aolar-torroatrlal  yhyalcs.  la  addition,  tbo  coablnatioa  of 
roaoto-osaslat  dth  ayacocroft  oboorvatloaa  of  tha  aaaa  dlaturbaacoa  has  revealed  aa  latarootlay  boo  foatoro 
of  latorylaaotary  abocka.  Tbo  oaartotlc  yartlcl**  accoloratod  by  shock*  aro  oboorvod  to  b*  stroayly 
coacoatratod  sa  tbo  motors  site*  of  tba  shock  fronts  la  tbo  ecliptic  as  vise**  froa  tbs  Barth.  This  result 
caa  b*  readily  satorotoat  la  torao  of  a  local  accoloratloa  aochaaisa  Is  oblch  thr  aafla  hotaooa  the 
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latarylaaatary  aaMaatlc  riaU  aMM  af  tha  atMk  M  tha  ihi*  anil  ta  a  MUaaM  factor.  it  la  Uhaly  that 
fwtara  yrjjottt  la  dm*  aalaaoa  mU  ha  alallarly  aahaacod  it  haawladga  af  Um  aaatail  aanhalan  af 
dlatanaacai  la  tha  ayaaa  mwInmni  la  ahl«a  tha  laaal  (taarratlaaa  ara  aada  aara  aaatlahla. 

nt  in—  or  mm  mana 

tha  a. t  hactara  plain  array  ayaiataa  at  ll.l  m a  aaa  allaaa  aaartaa  ta  ha  ahdaraad  at  aaridiaa  traaalt  la 
ta  deal lactic*  haada  alaaltaaaawaly.  *111111111111  la  taaaal  hy  alcratarhalaaaa  la  tha  aalar  vtad  aa  a  aaa I a 
af  l**-iaaa  ha  ahiah  tyylaally  gaaarataa  flaataatlaaa  af  aaaa  lataaalty  at  a.l  -  I  I  «a.  tha  prlaaff  fata 
aaaaiat  af  aaaiariaaata  af  ad*  latagratcd  aaar  1.1 -a  ha  a ai  aaaylad  at  10a  lataraala.  where  aa  'a  tha 
laataataaaaaa  flaetaatlaa  af  lataaalty  lap  af  a  aaarca  fraa  lta  aaaa  lataaalty. 

laittal  aallhratlaa  laaalvaa  Um  datantlaatlay  far  Kil  rail*  aaarti  af  tha  fwacttaa  al.l<|.  which 
rayraaaata  tha  kos-tara  averaged  MM  actattllatiaa  far  that  aaarca  aa  a  faactiaa  af  tta  aalar  eleagatlea. 
Curve*  af  ai.(a)  tattlally  rlaa  aa  a  let  r  aaaa  a.  corTicpcadtag  ta  tha  lacreaeed  ylaaaa  laaal  ty  aaarar  tha  taa. 
hat  fall  ataayly  far  a<88*  aalaa  ta  hlarrlaa  af  eciattllatlaa  hy  £ha  aaarca  Cl  aaa tar.  fartarhattaaa 
af  aaaalty  ahaat  tha  aaaa  ara  thaa  eaagwted  accord lag  ta  (  •  M>/Ma|a).  Ohairratlaaa  af  g  far  ay  ta  a.saa 
aaarcat  aay  ha  ahtaiaad  aa  a  raatiaa  haala  aach  lay.  By  aaayarlag  aalaaa  af  |  with  alalttaaaaaa  aaar-tarth 
ayaaaaraft  aaaaaraaaata  af  laaal  ylaaaa  aaaalty  a  It  aaa  fwM  that  y  •  ta  aa'1/*!*-*.  tha  raaalt  aatahllahaa 
that  aalatlllatlaa  yravMaa  a  raaaaaahly  aecarata  aiaaara  af  tha  aaarata  ylaaaa  4aaalty  alaaa  tha  llva  af 
eight  (S|. 

ta  aay  <lattrhaac»«  It  la  aacaaaary  ta  aalaat  a  aaltahla  arid  af  aeateaa  aa*  ta  ylat  thalr  ywlm  arar 
tha  ahy.  Thla  ylaaa  a  aay  af  tha  twa-dlaaaa local  yrafactlaa  af  dlaturhaaaaa  ahleh  laaidlataly  provided  aach 
laferoa’laa  aa  thalr  laeatlaa  aad  dlataaee  fraa  Um  Baa.  Bara  fatal  lad  lafaraatlaa  caa  ha  ahtalaed  hy  a 
aodel-rittlas  are  aaaa  la  ahleh  tha  aalatlllatlaa  la  caayatad  far  latMM  aafala  af  tha  atatwrhaacea.  la 
yractlca  tha  traaalaata  haaa  a lay la  ahayaa  aad  aecwr  aafflclaatly  lafrayaaatly  tha*  lataryratatlaaa  af  tha 
aaya  ara  aat  aaaally  caafuaad  hy  aayaryaaed  dlatwrhaacea.  Iraaylaa  af  aadal-flttlag  haaa  haaa  daocriaod 
ta.y.i. 


ta  illaatrata  tha  aathod  a  aarlca  af  y-aaya  ahowiay  tha  davaloyaaat  af  a  aajer  traaalaat  la  yraeaatod  la 
Plywra  l.  Thaaa  aaya  aara  eeaatrwctod  fraa  ataaraatlaaa  af  t.iaa  acwrcaa  aad  aaaraya  t-vr.lwa*  aara  caayatad 
for  S‘  i  8'  yixala  III  which  caatalaad  aeveral  aaar  caa.  othar  faraa  af  data  yroaaatatlaa  ahara  g-valaa*  aara 
colaar-cadad  aaaa  yraaad  ta  ha  aaaaahat  aaalar  ta  lataryrat  thaa  tha  tray  acala  la  Ptyara  1. 

A  caaaaalaat  faatara  or  tha  data-radactlaa  la  that  It  aatcaatkally  coatoaaatoa  far  tha  ayataaatlc 
tacraaaa  af  ylaaaa  daaalty  with  dacraaaa  of  dlataaco  fraa  Um  Baa.  At  ai.S  MM  dlatarhaacaa  arc  aat  datactad 
althla  0.8  AU.  Thla  aay  ha  daa  to  hlarrlay  of  aclatlllatlaa  cauaod  hy  tha  Malta  aayalar  dtaaatara  af  tha 
aoarcoa.  or  hy  tha  radial  daaaloyaaat  af  tha  dlatarhaacaa  thaaaalvaa.  Ohaaraatlaaa  at  a  hlyhar  frogaaocy  ora 
rayalrod  ta  daclda  hataaaa  thaaa  poaa<tllitlaa. 

TBC  0B18IB  OP  MAJoa  TBAIMIBBT8 

A  day  ta  day  atady  af  latarylaaatary  dlatarhaacaa  aaa  carrlad  aat  darlay  Aayaat  tyro  -  saptaahar  ITT*  fraa 
y-aaya  ahtalaad  aalay  a  arid  of  000  uvea  IT).  88  dlatarhaacaa  oecarrad  darlay  thla  parlod  of  hl|h  color 
activity  aad  aa  alyalflcoat  latarylaaatary  ahaefc  or  yoaoayaatlcally  actlva  traaalaat  aacayad  datoctloa.  Saoa 
of  tha  dlatarhaacaa  war*  caratatlay  aoctora  af  lacraaaad  daaalty  aaaaclatad  with  caaytaaalaa  aaaar  aaaaratad 
hy  aadarataly  loag-Uwd  hlfh-ayaod  atraaaa.  Tha  aaat  fraaaaat  traaalaata.  haaavor.  war*  roughly  ayharlcal 
(holla  of  aahaacod  daaalty  follaaad  hy  oatriaaa  of  hlah  ayaod  aad  radacad  daaalty.  aad  aftaa  charactarlaad  hy 
ahocka  at  thalr  oatar  booadarlaa.  Tha  aagwlar  ayrood  aaa  fnaad  ta  ho  roughly  10*  aad  tha  dlatarhaacaa  aara 
datactahlo  aha*  .hay  war*  caatrad  althla  -TO*  af  tha  Baa-larth  Uaa.  A  typical  g-aay  of  a  traaalaat  or  thla 
klad  la  ahaaa  la  Plgaro  I. 
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Pleura  |.  Shy  aay  for  Auguat  18,  18T8  ahoalag  coatoara  of  aahaacod  aclatlllatlua  Is  •  1.88,  1.81 
daaotlag  tha  coayiaaaloa  aooa  at  tha  froot  of  a  itroag  traaalaat  which  cauaad  a  aajor 
ganaagaatlc  atara  aa  Aagaat  88.  TU  caroaal  holt  aaarca  la  ahaaa  aa  tha  aach  aalargod  (hatch 
of  tha  aolar  dlak. 


It  ku  long  bm  tktt  energetic  trualnti  aot  iumUM  with  corotatiag  itrmi  u«  caused  by 

solar  Nun  or  filamat  erupt laas.  la  oaatraet  to  tbls  vim.  back-projection  to  tb*  tan  along  tba  directions 
obtained  fraa  eclatillatioa  napping.  ahieh  eeaid  ba  darn  ta  aa  aewaraey  ot  abaat  a  U*.  shewed  that,  in  fact, 
tba  aoareaa  oaiaeidad  with  ooroaal  bolaa  (•).  This  am  finding  la  aot  enrprlnlag.  bearing  la  aiad  that  atabla 
earoaal  balm  ara  alraady  kaom  to  ba  tba  aaorcaa  of  long-lived  high-speed  atro—a ■  That  it  ia  natural  that 
aaatabla  oeraaal  bolav ,  typically  obmrvad  durlm  tba  rim  ta  aolar  aaaiaaa,  abonld  ba  tba  aoareaa  of 
abort- lived  stream,  ahieb  arapt  a  ad  daaly,  ud  w  aaralat  for  oaly  a  fm  daya.  torn  aolar  florae 
‘confidently’  aaaamd  by  otbar  aorkara  to  bo  too  aoareaa  of  a  amber  of  tba  transients  that  mra  aappad  ara 
clearly  diaeeaaaotod  ovmta  far  fraa  tba  aotaal  aita  of  tba  eroptlea  oa  the  Baa  (a).  It  ia  not  iapoaeible. 
bmavar,  that  areptioaa  free  ooroaal  balm  aoald  trigger  iia.s  and  filamnt  aetivlty  aa  peripheral  pboamaaa. 

Ia  the  paat,  tba  abaoaca  of  a  vlalblo  flare  prior  to  the  arrival  of  a  aajor  ebook  and  geamgaetic  atona 
baa  oftaa  baaa  aaeribad  to  tba  occur raoco  of  a  flare  babied  tba  lihb  of  tba  dun.  There  ia  no  lomer  any  need 
for  each  aaamptloM  aa  r-aapa  have  aot  rat  failed  to  point  to  a  suitably  positioned  ooroaal  bole.  Tba 
statistical  significance  of  tba  ooroaal  bole  associations  baa,  or  course,  bean  deaoaetrettd  (8). 

FURBCA8TI8B  SKSUOanme  ACTIVITY  Ago  MtOTOh  tvtm 

Tba  utility  of  raaots-ssaalng  by  aeiatillatioa-neppiac  for  predicting  gsoaagrotlc  atoraa  oaa  only  bo 
coaflrmd  nporatiaaally.  So  far  this  has  aot  boon  attaaptod.  A  useful  aaasasaaat  la,  bouavor,  possible  froa 
tba  observation*  during  18T8-Y9.  Aa  previously  oaplaiaod,  no  Inportent  event  occurred  in  the  absence  of  an 
associated  trasslaat  on  tba  g-aaps.  A  check  af  uhat  should  ba  achieved  with  daily  g-aape  available  in  real 
tlaa  has  bean  aada  (10)  by  selecting  all  goaaagaatic  atoms  of  disturbance  index  Aphao  and  all  alpha  particle 
events  Khan  tba  flux  in  the  energy  band  t-TO  NaV  exceeded  10~'ca"'*"‘*r~1H*V'1 .  Thera  ware  88  such  occaaiona, 
T  of  which  satisfied  both  eritarla.  The  daisy  in  hours  between  first  detecting  a  transient  on  the  g-aaps.  and 
its  subsequent  arrival  at  the  Barth  (aa  given  by  spacecraft  or  tba  geoaagnatlc  sudden  c«v  - ancsount)  is 


Figure  3.  Hlstograa  of  delays  between  the  first  detection  of  transients  which  caused  aagnetic  atoraa  or 
energetic  particle  events,  and  their  arrival  at  the  Earth. 

shown  in  Figure  3.  Froa  a  site  at  latitude  53'N  it  is  not  always  possible  to  nap  transients  adequately  when 
they  are  centred  beneath  the  ecliptic,  laproved  forecasts  could  also  be  nade  by  incorporating  sites  at  sore 
than  one  longitude. 
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DISCUSSION 


J.  S.  Belrose,  CA 

Since  you  ace  reporting  on  data  observed  during  the  past  solar  cycle 
maximum,  and  since  you  say  that  most  of  your  work  has  been  published, 
your  startling  conclusions  (for  me)  perhaps  reveal  that  it  is  a 
number  of  years  since  I  have  been  working  in  the  area  of  STP 
relations.  However,  I  must  say  that  my  past  experience  has  lead  me 
to  believe  that  solar  proton  events  are  associated  with  large  solar 
flares.  Certainly  most  geomagnetic  storms  are  not  so  directly 
related  to  solar  flares  and  your  observations  certainly  provide  a 
different  insight  into  these  phenomena.  Solar  proton  events  are 
prompt  events  (20  minutes  to  several  hours  travel  times),  and  so 
their  positive  identification  tilth  the  causative  solar  proton  flare 
is  easy.  Could  you  comment? 

Author's  Reply 

Positive  identification  with  solar  flares  is  never  easy  when  the  sun- 
earth  transit  time  is  obtained  by  guesswork!  The  so-called  "prompt" 
proton  events  often  raise  difficulties.  Particle  flux  profiles 
similar  to  "prompt"  events  often  involve  long  delays  and  are  not 
prompt.  The  concept  of  particle  "storage"  was  invented  to  solve  this 
problem  but  is  now  not  believed.  Again,  prompt  events  have  been 
identified  with  flares  near  the  east  limb  of  the  sun  when  propagation 
along  "well-connected"  magnetic  field  lines  is  Impossible. 

New  evidence  from  space  measurements  shows  that  the  particle  flux 
increases  with  distance  from  the  sun  and  usually  peaks  near  the 
shock.  This  is  explained  simply  if  the  particles  are  accelerated 
locally  (and  continuously)  at  the  shock  front. 

Our  IPS  observations  show  that  the  proton  flux  is  strongly 
concentrated  toward  the  western  sides  of  the  spherically  expanding 
shocks  which  supports  the  shock-accelerstlon  theory.  Of  course, 
solar  flares  may  somteimes  be  triggered  by  coronal  hole  eruptions  as 
peripheral  sideshows. 

K.  C.  Yeh,  US 

In  one  slide  you  showed  the  time  delayB  between  the  observation  of 
compression  and  the  occurrence  of  geomagnetic  storms.  The  histogram 
shows  the  time  delay  extending  from  tens  of  minutes  to  several 
days.  You  mentioned  that  by  making  observations  at  several  stations 
on  the  earth,  it  is  possible  to  have  a  reliable  technique  for 
forecasting  storms.  Would  you  comment  on  that? 

Author's  Reply 

The  earliest  warnings  are  made  when  disturbances  are  detected  as  near 
to  the  sun  as  possible.  When  radio  sources  are  observed  at  meridian 
transit,  this  implies  having  data  taken  within  ±  6  hours  from  local 
noon.  Several  sites  are  needed  to  achieve  chis.  Even  with  a  fully 
scanned  antenna  there  is  a  dead  time  during  the  night. 


1 
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G,  S.  Sales,  US  » 

1.  Have  you  been  able  to  continue  these  measurements  into  the  period  j 

of  solar  minimum  activity  when  the  character  of  these  events  are  ? 

known  to  change?  " 

2.  With  what  resolution  are  you  able  to  trace  these  propagating 

events  back  to  the  surface  of  the  sun?  S 

e 

Author's  Reply 

1.  No,  the  observations  ceased  in  1981.  During  1978-81  we  mapped  a 
number  of  recurrent  enhancements  due  to  long-lived  corotating  streams 
and  I  am  sure  that  these  would  constitute  the  dominant  distrubances 
during  the  decline  from  solar  maximum. 

2.  Model  fitting  gives  an  accuracy  of  about  1  20°  in  most  cases. 
Backtracking  Involves  a  further  uncertainty  since  we  do  not  detect 
transients  Inside  0.5  AU  and  mist  assume  a  speed  of  departure  from 
the  sun.  Overall,  the  accuracy  ia  about  ±  25°  in  solar  latitude  and 
longitude. 

J.  Aarons,  US 

Proton  spectra  have  been  determined  and  verified  by  radio 
observations  (microwave  and  meter  wavelength)  of  solar  outbursts. 

Author's  Reply 

The  type  II  radio  outbursts  associated  with  solar  flares  have 
traditionally  been  identified  with  coronal  shocks,  but  recent  work 
has  shown  that  meter  wave  and  microwave  type  IIs  are  not  associated 
with  kllometric  (interplanetary)  type  IIs  which  correlate  with  proton 
events. 
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MAGNETIC  STORM  EFFECTS  ON  F  LAYER  IRREGULARITIES  NEAR  THE  AURORAL  OVAL 
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SUMMARY 

The  effect  of  F  lt/er  irregularities  on  trans-ionospheric  transsissions  and  fading 
at  HF  at  equatorial,  auroral,  and  polar  latitudes  has  been  documented.  Little  has  been 
done  on  morphology  and  physics  of  irregularities  noted  at  sub-auroral  latitudes,  in  the 
vicinity  of  the  plasmapause.  The  intensities  of  the  irregularities  are  consider; bly 
lr ss  than  those  observed  at  equatorial  and  high  latitude  regioce.  The  scatterers  in 
this  region  are  at  tines  correlated  with  magnetic  activity  and  at  *>ther  times  present 
during  periods  of  low  magnetic  activity,  including  the  recovery  phase  of  aagnetic 
storms. 

A  study  was  made  of  F  layer  irregularities  for  the  month  of  October  1081  using  a 
series  of  scintillation  and  spread  F  measurements  between  0°  and  71°  V.  This  included  F 
layer  intersections  at  sub-auroral  as  well  as  auroral  latitudes.  In  the  data  set  a 
comparison  was  made  of  scintillation  on  one  propagation  path,  in  the  Northern 
Hemisphere,  and  spread  F  data  at  a  Southern  Hemisphere  conjugate  position,  the  Argentine 
Islands.  The  350  km  points  were  roughly  conjugate  within  6°  of  longitude  and  4°  of 
latitude.  Correlation  was  obtained  on  those  nights  when  scattering  was  noted  over 
several  hours.  There  were  some  nights  when  one  path  was  active  and  the  conjugate  path 
quiet.  Usually  these  occurred  when  irregularities  were  observed  over  periods  less  than 
two  hours  and  with  the  active  path  showing  low  intensity  activity. 

Ve  have  separated  the  major  irregularity  activity  periods  into  the  following: 

a.  Irregularities  either  created  during  magnetically  disturbed  periods  at  sub- 
auroral  latitudes  in  the  vicinity  of  plasmapause  latitudes  or  convected  to  these 
latitudes  (auroral  latitudes  are  also  disturbed  at  these  times);  and 

b.  Lower  latitude  (sub-auroral)  irregularities  not  associated  with  magnetic 
activity  as  denoted  by  local  magnetograns  or  by  Kp  indices.  These  are  not  -tccoapanied 
by  intense  F  layer  irregularities  at  auroral  latitudes.  At  tines  during  these  periods 
of  low  magnetic  activity  there  is  moderate  irregularity  intensity  at  auroral  latitudes. 
The  sub-auroral  irregularities  have  been  noted  during  SAR  arcs  as  well  as  during  other 
periods  of  magnetic  quiet. 

The  separation  of  irregularity  occurrence  at  sub-auroral  latitudes  into  cases 
associated  with  magnetic  activity  and  cases  when  aagnetic  activity  was  quiet  does  not 
allow  for  simple  modeling  or  statistical  ordering.  Ordering  by  Dst  rather  than  Ap 
yields  the  best  statistical  results. 

During  aagnetic  activity,  the  irregularities  may  be  convected  from  higher  latitudes 
or  created  by  penetration  of  the  electric  field  to  lower  latitudes.  During  the  recovery 
phase  it  is  proposed  that  ring  current  energies  supply  the  ultimate  source  of  the 
irregularity  production  at  F  layer  heights. 


INTRODUCTION 


The  effect  of  F  layer  irregularities  on  trans-ionospheric  transmissions  and  fading 
at  HF  at  equatorial,  auroral,  and  polar  latitudes  has  been  documented.  Little  has  been 
done  on  morphology  and  physics  of  irregularities  noted  at  sub-auroral  latitudes  near  the 
plasmapause.  The  intensities  of  the  irregularities  are  considerably  less  than  those 
observed  at  equatorial  and  high  latitude  regions.  The  scatterers  in  this  region  are  at 
times  correlated  with  aagnetic  activity  and  at  other  tines  present  during  periods  of  low 
magnetic  activity,  including  the  recovery  phase  of  aagnetic  storms  (Basu,  1974;  Aarons, 
1988) 

From  the  scientific  viewpoint  the  total  development  of  aagnetic  variations  is  of 
importance  in  attempting  to  determine  the  origin  of  F  layer  irregularities  at  sub- 
auroral  and  auroral  latitudes.  It  is  clear  that  at  auroral  and  polar  latitudes  there 
are  phenomona  correlated  with  irregularities  including  precipitation  (Basu  et  ml., 
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1083) ,  shear  •({sets  (Beau  at  el. ,  1984) ,  convection  of  plena*  containing  irregularities 
(Weber  at  el.,  1088)  es  well  ea  other  factors  in  instability  processes  (Hudson  end 
Kelley,  1078,  Kaskinan  end  Ossekow,  1083). 

OBSERVATIONS 


A  study  of  F  layer  irregulerities  was  sede  in  October  1081,  e  period  of  both  high 
soler  flux  end  considerable  nagnetie  activity,  by  a  series  of  scintillation  end  spread  F 
neasurenents  between  0°  and  71°  Vest  Longitude.  This  included  F  layer  intersections  at 
sub-auroral  as  well  as  auroral  latitudes.  One  site  was  located  in  the  Southern 
Heaisphere  at  Argentine  Islands;  the  rest  were  in  the  Northern  Resisphere.  The 
Argentine  Islands  site  was  approximately  conjugate  with  a  propagation  path  from  the 
Boston  area  to  the  satellite  ATS-6.  The  380  kn  points  were  roughly  conjugate  within  8° 
of  longitude  and  4°  of  latitude.  Station  positions  in  the  case  of  sounders  are  given  in 
Table  1  along  with  380  kn  propagation  intersections  for  the  satellite  observations. 
Corrected  Ceoaagnetic  Latitude  is  given  for  the  observations. 


TABLB  1 

Goose  Bay,  Canada  (ATS-5) 
S.  Uist,  U.K. 

Sagamore  Hill,  HA.  USA 
Slough,  U.K. 

Argentine  Islands 

A  sap  with  geographic  and 


LATITUDE 
48°  N 
87°  N 
30<>  N 
82°  N 
88°  S 

invariant  latitude  ticks 


LONGITUDE 

CGL 

62°  f 

61° 

7®  f 

88° 

71°  f 

83° 

.8°  f 

81° 

84°  f 

49° 

shown  in  Figure  1. 

THB  DATA 

A  comparison  of  two  sub-auroral  observations  with  similar  longitudes  from  the 
conjugate  positions  is  shown  in  Figure  3.  A  glance  at  the  figure  indicates  that  during 
periods  of  irregularity  activity  both  stations  showed  relatively  high  levels  of 
scintillation  index  or  spread.  Excellent  correlation  was  obtained  on  those  nights  when 
scattering  was  noted  over  several  hours.  However  soae  nights  were  noted  with  one  path 
active  and  the  conjugate  path  quiet.  Days  do  appear  when  scintillation  was  more  readily 
seen  at  the  63°  CGL  intersection  than  at  the  48°  CCL  intersection.  Days  of  one  sensor 
noting  activity  and  the  other  failing  to  note  activity  occur  for  the  most  part  with  low 
values  of  irregularity  intensity  and  for  less  than  two  hours.  Additional  data  for  other 
months  is  to  be  shown  in  a  future  publication  being  prepared  by  the  authors.  The  same 
general  trends  were  noted  in  these  sets  of  data  taken  in  1081. 

The  aim  of  this  paper  is  to  examine  in  detail  a  portion  of  the  data  set,  setting 
out  the  magnetic  conditions  surrounding  the  development  of  irregularities  at  F  layer 
heights.  The  hypothesis  developed  is  that  irregularity  activity  periods  should  be 
separated  into  the  following: 

a.  During  magnetically  disturbed  periods  irregularities  are  either  created  near 
plasmapause  latitudes  or  convected  to  sub-auroral  latitudes;  auroral  and  other  latitudes 
are  also  disturbed  at  these  times. 

b.  Lower  latitude  irregularities  not  associated  with  magnetic  activity  or  with  F 
layer  irregularities  at  auroral  latitudes  are  at  times  noted  during  periods  of  little 
local  magnetic  activity  quiet.  During  these  tines  auroral  F  layer  irregularity  activity 
displays  quiet  magnetic  activity  levels.  These  cases  appear  to  be  the  result  of  stored 
energy  available  in  the  recovery  phases  of  magnetic  storms;  the  mechanism  for  production 
in  these  cases  cannot  be  convection  since  there  are  no  strong  irregularities  at  the 
higher  latitudes.  Other  cases  appear  when  both  auroral  and  sub-auroral  irregularities 
are  intense  but  with  little  local  magnetic  activity.  This  too  is  an  example  of  stored 
energy  producing  the  irregularities. 

If  this  approach  is  valid,  the  parameter  Dst,  would  appear  to  be  better  for 
correlation  with  sub-auroral  F  layer  irregularities  than  K?  since  Dst  levels  are 
indicative  of  the  storage  levels  of  the  ring  current.  In  order  to  test  this  hypothesis, 
normalised  values  of  spread  F  over  Argentine  Islands  for  0-12  UT  were  correlated  with 
the  average  Dst  (Rodger  and  Aarons,  1087).  The  correlation  with  Dst  is  0.56,  which  is 
significant  at  butter  than  the  .01X  level,  while  with  the  use  of  the  Ap  value  of  the 
day,  the  correlation  coefficient  was  found  to  be  0.13. 
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QUIBT  AND  DIStintfiKD  HAGNSTIC  CONDITIONS 

The  basic  concept  to  b«  presented  is  as  follow:  the  source  of  energy  producing  the 
necessary  conditions  for  the  generation  of  irregularities  at  both  auroral  and  sub- 
auroral  latitudes  would  hare  to  be  a  source  with  long  tern  storage  that  is  nodulated  or 
filled  during  strong  aagnetie  actirity.  The  source,  in  all  likelihood  the  ring  current, 
has  its  effect  on  the  ionosphere  as  a  function  of  local  tine.  The  Modulation  of  the 
source  or  the  filling  of  the  ring  current  series,  depending  on  the  conditions  in  the 
ring  current  when  the  aodulation  or  filling  began  (Saith  and  Hoff nan,  1W73;  Arnoldy, 
1083;  Villiaaa,  1088). 

The  period  of  October  10-14  is  illustrative  of  the  concepts  stated.  In  Figure  3  a 
pilot  of  Dat  values  for  the  period  is  given.  Dst  gives  a  picture  of  the  storage  of 
energy  and  its  dissipation.  On  an  instantaneous  level,  however,  aagnetograaa  indicate 
localised  activity  particularly  in  a  longitudinal  region.  In  this  case  we  have 
reproduced  aagnetograaa  fros  the  AFGL  Magnetoaeter  Network  (Knecht,  1086)  with 
observations  iron  70°  V  to  longitudes  west  of  the  Boston  area.  The  data  represent  a 
variety  of  aagnetie  conditions.  The  first  day  analysed,  Oct.  10,  is  one  of  noderate 
aagnetie  activity.  It  is  followed  by  a  very  disturbed  day,  Oct.  ll,  and  a  aoderately 
disturbed  early  portion  of  the  UT  day  of  Oct. 12.  Fron  1000  on  Oct.  12  to  0800  on  Oct. 
13,  very  quiet  aagnetie  conditions  existed.  On  Oct.  13  at  2230  a  aagnetie  stora 
started.  A  substantial  deviation  in  the  aagnetie  fiuld  occurred  at  0220  UT  on  Oct.  14 
at  the  priaary  longitude  of  interest. 


IRRBGULARITY  DATA 

The  scintillation  data  is  taken  froa  two  sets  of  observations,  both  of  137  HHs 
scintillations  of  AT8-5.  The  lower  latitude  propagation  path  intersected  63°  CGL  and 
the  higher  latitude  intersection  was  61°  CGL.  The  sounder  data  was  reduced  according  to 
standard  techniques  of  data  reduction.  The  coaparison  of  observations  in  the  following 
figure  is  to  study  occurrence  patterns.  The  data  sets  have  differing  aeasureaents  of 
intensity.  The  data  lire  presented  in  Universal  Tiae. 

Figure  4a  shows  the  usual  irregularity  activity  for  a  aoderately  disturbed  day, 

Oct.  10.  The  higher  latitude  sites,  Goose  Bay  and  S.  Uist,  showed  aora  activity  than 
the  lower  latitudes.  The  stations  are  ordered  in  the  diagraas  in  longitude  so  that 
correspondence  in  tiae  can  be  studied  at  sites  located  near  the  sace  longitudes. 

Oct.  11,  Figure  4b.  At  local  tines  of  02  to  03  (07  UT)  the  Sagaaore  Hill  path  and 
the  Argentine  Islands  overhead  ionosphere,  both  in  the  60-75°  Vest  region,  were  affected 
by  the  aagnetie  stora.  Slough  with  the  stora  starting  at  a  local  tiae  of  06  and  with 
its  low  invariant  latitude  was  just  barely  affected,  although  S.  Uist  shows  relatively 
high  levels  for  that  local  tiae.  The  aagnetie  activity  appears  to  have  its  aaxioua 
effect  on  lower  latitude  sub-auroral  F  layer  irregularities  when  close  to  the  Midnight 
tiae  period. 

Oct  12,  Fig.  4c.  Scintillation  activity  was  strong  at  the  higher  latitude  stations 
of  Goose  Bay  and  S.  Uist  froa  2300  UT  on  the  Uth  to  at  least  1000  UT  on  the  12th.  On 
the  path  froa  Sagaaore  Hill  only  a  burst  of  scintillation  activity  was  noted  at  2200  UT 
on  the  63°  intersection.  As  the  night  progressed  however  with  local  tiae  for  both 
Argentine  Island  and  Sagaaore  Hill  approaching  aidnigbt,  irregularity  activity  coaaenced 
increasing  to  well  after  aidnight.  Through  either  convection  of  the  patches  of 
irregularities  or  due  to  the  energy  sources  penetrating  their  lowest  diurnal  latitudes, 
irregularity  activity  increased  during  the  aidnight  local  tiae  period. 

Oct  13,  Fig.  4d.  Froa  1100  UT  on  the  12th  to  08  UT  on  the  13th  the  aagnetograaa 
show  little  activity.  On  this  aagnetically  quiet  night  both  auroral  and  sub-auroral 
latitudes  showed  considerable  irregularity  activity.  The  Goose  Bay  propagation  path  and 
the  S.  Uist  sounder  showed  high  irregularity  intensity  levels  froa  1800  and  2000  UT  on 
Oct.  12.  Activity  on  the  Sagaaore  Hill  path  started  at  0500  with  Argentine  Island 
indicating  particle  E  data  froa  0200  on.  Vith  the  aagnetie  activity  for  this  period 
extreaely  low,  irregularities  were  relatively  intense  at  Sagaaore  Hill  and  in  all 
likelihood  at  the  Argentine  Islands.  The  indications  are  that  the  storage  of  energy  had 
taken  place  earlier.  The  result  was  the  discharge  of  considerable  energy  in  this  period 
of  tiae  in  the  sub -auroral  region  and  in  the  auroral  oval. 
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On  Oct.  14,  Figure  4«,  *  classical  aagnetic  atom  developed.  While  th«  aagnetic 
diaplnoanant  started  at  2000  on  the  13th,  affacta  at  the  lower  latitude  atationa 
occurred  later,  from  0230  UT  or  2130-2230  LT  on. 


DISCUSSION 

The  affect  of  magnetic  activity  on  auroral  irregularitiea  haa  been  known  for  a  long 
tine.  The  effect  can  be  noted  on  local  eagnetograaa  aore  readily  than  atudying  the  Up 
levels.  The  extenaion  of  auroral  affacta  on  F  layer  irregularities  into  lower  latitudes 
baa  also  been  docuaentad.  However,  the  study  of  irregularitiea  at  the  sub-auroral 
latitudes  appears  to  have  halted  with  statistical  approaches.  In  the  auroral  oval 
statistical  approaches  work  for  forecasting  and  for  evaluation  of  irregularity  probleaa 
in  communications  (exaaples  are  given  in  Aarons  and  Allen,  1071  and  in  Kino  and 
Matthews,  1080),  but  in  the  sub-auroral  region  near  the  plasaapause  when  both  magnetic 
activity  and  sagnetic  quiet  show  F  layer  irregularities,  the  dynamic  approach  to 
understanding  the  phanoaenon  should  be  used.  The  ring  current  paraaeter,  Dst,  would 
appear  to  be  a  better  means  of  approaching  irregularity  development  in  the  loner 
latitude  regions.  The  case  illustrated  is  one  of  aany  cases  where  high  intensity  F 
layer  irregularities  have  appeared  during  periods  of  aagnetic  quiet. 

We  have  avoided  stating  that  various  effects  take  place  at  plasaapause  latitudes 
since  independently  we  have  not  shown  that  the  latitudes  where  irregularities  appear  is 
precisely  at  plasaapause  latitudes;  they  are  in  the  general  vicinity  of  thet  region  but 
it  may  be  that  plasaapause  latitudes  like  trough  latitudes  differ  as  a  function  of  the 
paraaeter  being  measured. 

Monitoring  the  ring  current  dynamics,  the  F  layer  convection  pattern  (Blanc,  1S83) 
and  the  energies  involved  would  appear  to  be  the  next  step  in  tracking  ring  current 
energies  and  F  layer  irregularities  at  both  auroral  and  sub-auroral  latitudes. 


CONCLUSIONS 

The  separation  of  irregularity  occurrence  into  cases  associated  with  aagnetic 
activity  and  cases  when  aagnetic  activity  was  quiet  does  not  allow  for  siaple  modeling 
or  statistical  ordering  particularly  in  the  region  near  plasaapause  latitudes. 

During  aagnetic  activity,  the  irregularities  nay  be  convected  froa  higher  latitudes 
or  created  by  penetration  of  the  electric  field  to  lower  latitudes.  In  the  case 
illustrated  both  auroral  and  sub-auroral  latitudes  show  irregularity  effects  during  a 
period  of  aagnetic  quiet.  During  other  periods  (Aarons,  1887)  only  sub-auroral 
latitudes  show  intense  irregularities.  In  work  in  progress  by  the  authors,  the  dynaaic 
developaent  and  the  creation  of  irregularities  of  the  *pure*  lower  latitude  cases  is 
being  studied  during  what  aay  be  teraed  a  sub-auroral  stora  near  plasaapause  latitudes. 
Low  energy  precipitation  has  been  associated  with  the  irregularities  (Curgiolo  et  al., 
1882);  the  origin  of  these  irregularities  aay  lie  in  the  storage  aeebaniss  of  the  ring 
current.  The  general  behavior  of  ring  current  ions  fits  the  aorphology  of  high  latitude 
irregularities  during  the  developaent  cf  a  magnetic  stora  in  its  various  phases.  The 
ring  current  ion  energy  aay  be  converted  into  ion  cyclotron  waves  which  aay  in  turn 
produce  the  heating  and  precipitation.  Such  a  two  step  process  taking  place  has  been 
suggested  and  suaaariaed  by  Williaas  et  al.,  1886. 
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Figure  1.  A  top  of  invariant  latitude*  at  300  ka  and  the  poeitlont  of  the  intersection* 
froa  each  of  the  oheerving  site*.  The  intereeetiona  are  overhead  for  the  sounder 
observationa  and  through  the  ionosphere  at  900  ka  for  the  satellite  beacon  recordings. 


Figure  2.  For  the  Booth  of  October  1M1  epread  F  dote  from  tbe  Argentine  lelaade  cod 
scintillation  indices  in  dB  excursions  ere  plotted.  Filled  io  areas  ere  scintillation 
data  froa  0-20  dB.  Cron  batched  are  overlap  tieee.  Skth  earke  are  spread  F  data. 
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Figure  4.  tita  for  Ui  period  of  Bet.  10-14,  1M1  la  graphed  ia  detail.  At  U*  top  of 
•act  graph  ia  the  AML  aagaetograa.  The  other  data  ia  placed  cloaa  ia  loagltade  ia 
order  to  note  the  effect  of  varloua  aagaetie  ehaagee  aa  a  fenctioa  of  local  tiaa.  Tfce 
Argentine  lalanda  data  are  given  bp  iasbed  lineaj  the  Sagaaore  Mill  data  are  graphed  ia 
•olid  linea. 
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4b.  October  11,  a  very  disturbed  day  aagaetically. 
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Figure  4b 


4k.  Proa  1000  UP  oa  Oct.  1C  in  0000  on  Oei.  13,  vary  quiet  aagnetic  condition*. 
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4d.  October  13  At  3330  on  Oct.  13  *  nagnatic  atom  coaaenced  with  *  substantial 
deviation  in  the  aagnatic  field  at  0220  UT. 
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Figura  4d 
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4«.  OctclMr  14  -  Magnatic  atoro  activity  for  tha  night  of  October  IS- 14  for  tin 
longitudes  of  in tar eat. 
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1.  INTRODUCTION 

Raoont  investigation  into  baokteattor  from  ionospheric  irregularities  at  high  fre¬ 
quencies  ()  to  SO  HRs)  haa  indicated  that  tha  uaual  acattar  mechanism  requiring  orthos* 
onallty  with  tha  field-aligned  irregularitiei  in  tha  E  and  P  ration  of  tha  ionosphere 
ia  not  auffioiant  to  explain  all  tha  observations.  Particularly  tha  rang*  dependence 
of  ionouphorie  oluttar  aa  aaan  by  an  OTH  radar  svetar.  looking  into  or  naar  tha  auroral 
ragion  potaa  a  Major  problem,  AaauMlng  fiald-alignad  alaetron  danaity  irragularitiaa . 
ray  tracing  shows  that  oluttar  origlnataa  in  tha  ragion  whara  tha  ray  becomes  ptrpen- 
dieular  to  tha  aarth'a  aagnatio  fiald  linaa  within  tha  ionoaphara,  Tha  intensity  of 
thaaa  irragularitiaa  oan  bo  daaeribad  in  tsrms  of  AN/N,  tha  fractional  deviation  fro* 
tha  aabiant  alaetron  danaity.  Tha  actual  distribution  of  alaetron  danaity  fluctuationa 
it  described  using  a  pewar  law  apactruai  with  an  exponent  of  n  ■  2.  Aa  will  ba  shown  in 
Section  2.  tha  orthogonality  condition  can  alwaya  ba  aatiafiad  in  tha  T  ragion  of  tha 
ionoaphara  at  aid  and  high  latitudaa  naar  tha  ref  looting  point  whara  tha  raya  have  ba* 
como  noar*ho-.<laontal. 

A  slapls  ray  tracing,  aa  shown  In  Figure  1  for  a  horitontally  stratified  ionospher- 
using  an  oparating  frequency  f  aqual  to  2.2  tiaaa  tho  layar  critical  frequency,  indi- 
cataa  that  tha  orthogonalities  occur  near  tha  aid-point  of  tha  ray  path  froa  tha  OTH 
radar  to  tha  ground  coverage  arsa.  In  this  oaaa,  whila  tha  ground  ranga  coverage  sx- 
tanda  froa  approximately  2000  to  3001  ka,  ona  araa  of  orthogonality  occurs  naar  tha  1/2 
hop  ragion  at  rangaa  of  1000  to  1S00  ka  and  tha  othar,  tha  1-1/2  hop  orthogonality  at¬ 
tends  froa  S000  to  bayond  SS00  ka.  A  larga  gay  in  tha  occurranca  of  orthogonal  oluttar 
appaara  to  axlat  at  tha  rangaa  of  the  ground  clutter.  This  dost  not  agree  with  tha 
many  radar  observations  that  show  auroral  type  clutter  coincident  with  tha  ground  ranga 
beck scatter. 

Tha  orthogonal  clutter  mechanism  is  restricted  to  F-region  altitudes  naar  tha  re¬ 
flection  point  for  obliquely  propagating  HF  signals.  In  tha  auroral  ionoaphara,  in 
addition,  tha  E-.-egion  irragularitiaa  are  expected  to  be  intense  and,  as  will  ba  shown 
letwr,  can  contribute  to  tha  overall  ionospheric  clutter  through  tha  aechenisa  of  spoc- 
ular  acattar.  This  scattering  aechenisa  had  not  been  considered  Lefore  and  we  will  de¬ 
scribe  it  hare  in  detail.  At  thia  point  it  ia  sufficient  to  indicate  that  specular 
scatter  can  produce  ionospheric  back scat ter  clutter  at  all  ranges  including  the  rangaa 
associated  with  ground  coverage.  Finally  tha  specular  acattar  aechenisa  paraits  affec¬ 
tive  scatter  at  a  wide  range  of  altitudes  throughout  tha  F  and  E  regions  of  tha 
ionoaphara. 

i.  SPECULA*  SCATTER  MECHANISM 

Specular  acattar  ia  a  relatively  simple  aechenisa  that  is  bast  described  using 
Figure  i.  This  figure  depicts  a  field-aligned  irregularity  with  an  overall  ellipsoidal 
shape.  A  wave  incident  at  an  angle  with  raapact  to  tha  long  axis  of  tha  irregular¬ 
ity  (tha  direction  of  tha  earth's  aagnatic  fiald  at  that  point),  acatters  at  an  aqual 
angle  (specular)  in  tha  plana  of  propagation.  It  ia  clear  that  orthogonal  acattar  ia  a 
apacial  case  of  apacular  scatter,  that  ia  whara  Si  *  90  degrees. 

In  Section  3  tha  scattered  power  and  its  dependence  on  location,  axiauth  «nd  radar 
parameters  including  pulse  width  and  fraquancy  will  ba  calculated.  Hare  wa  will  show 
that  tha  conditions  for  apacular  acattar  can  ba  aet  using  a  reasonable  ionospheric  modal 
and  that  ita  relationship  to  tha  ranje  of  the  ground  coverage  ia  aignificantly  different 
than  for  orthogonal  acattar. 

Tha  approach  used  hare  ia  to  determine  how  often  and  to  what  dagrea  thaaa  condi¬ 
tions  c«tn  be  mat  with  a  eat  of  raya  obtained  using  a  basic  3-D  ray  tracing  program  such 
aa  Jones-Stepheneon.  Tha  ionospheric  aodel  used  for  thia  preliminary  study  ia  limited 
to  a  one-dimensional  variation,  that  ia  electron  danaity  va.  heights  tha  same  profile 
being  repeated  down  ranga  to  provide  tha  required  2-D  electron  density  modal.  For  tha 
ray  tracing,  raya  are  launched  with  0.S  degree  steps  froa  0s  elevation  angle  to  30* 
elevation  angle.  Tha  ray  tracing  program  includes  a  epharical  hanaonic  modal  of  tha 
aarth's  aagnatic  fiald.  For  this  study  an  asiauth  of  magnatic  north  was  selacted  for 
tha  propagation  directions  tha  oparating  fraquancy  ia  expressed  in  terms  of  tha  ra.io 


Aa  shown  in  Figures  2  and  1,  each  potential  scattering  point  requires  two  rays,  ona 
for  tha  outgoing  path  and  ona  for  tha  return  path.  Each  interaction  of  thaaa  two  raya 
ia  examined  to  determine  whether  tha  specularity  condition  »i  *  t.  is  mat  with  raapact 
to  tha  local  geomagnetic  fiald.  Tha  adopted  procedure  was  to  examine  each  interaction 
for  tha  aet  of  61  rays.  These  61  raya  produce  1830  intersections  at  tha  1/2  hop  re¬ 
gion.  another  1830  intersections  near  tha  ground  covaraga  region  and  another  1830  inter¬ 
sections  at  tha  1-1/2  hop  ragion  (Figure  SJ. 
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That*  thraa  region*,  in  tanas  of  thair  range  covaraga,  ara  also  distinguished  from 
each  othar  by  tha  number  of  ground  raflaotions  involved  in  the  two  propagation  paths. 

For  the  first  region  neither  ray  forming  tha  intersection  has  a  ground  reflection  on  tha 
outward  or  return  lag  of  the  path.  This  region  has  bean  designated  as  containing  the 
Type  I  intersections.  Type  II  intersections  involve  only  one  ground  reflection  on 
either  the  outgoing  or  return  leg  of  the  path  but  not  both.  Finally  tha  Type  III  inter¬ 
section  involves  a  ground  reflection  for  both  legs  of  the  path.  This  set  of  rays  and 
the  three  different  intersection  types  ara  illustrated  in  Figure  3.  The  distinction  be¬ 
tween  outgoing  and  return  leg  is  arbitrary  since  the  paths  ara  completely  reciprocal  and 
both  configurations  must  be  considered. 

By  this  procedure  we  have  insured  that  the  two  rays  involved  at  each  intersection 
are  legitimate  rays  in  terms  of  ionospheric  propagation  and  that  they  both  originate  at 
the  radar  site.  All  of  these  intersections  are  then  examined  to  determine  whether  the 
specular  condition  is  satisfied}  that  is  that  the  angle  of  incidence  is  equal  to  the 
scattered  angle  within  a  specified  tolerance.  The  criteria  for  the  limits  on  deviation 
from  specularity  depends  on  the  scattering  process  and  in  particular  the  aspect  sensi¬ 
tivity  of  the  icatterer.  This  is,  of  course,  a  function  of  the  wave  length  of  the  radio 
wave  relative  to  tha  mean  dimensions  of  the  irregular  fluctuations. 

The  results  of  this  ray  tracing  calculation  are  presented  in  Figure  4  showing  the 
location  of  the  three  typos  of  intersections  meeting  the  specular  condition.  In  addi¬ 
tion,  the  location  of  the  orthogonal  intersections  are  also  indicated.  For  the  orthog¬ 
onal  scatter  locations  the  two  rays,  outgoing  and  return,  have  merged  into  a  single 
path. 


Several  important  characteristics  of  specular  scatter  become  apparent  es  ?  :>asu  .l 
of  these  calculations. 

1.  Within  the  specified  tolerance,  the  scattering  centers  exist  at  all  altitudes  from 
tha  F-region  to  below  the  E-region. 

2.  There  is  a  clear  range  hnd  altitude  dependence  associated  with  each  scattering 
type.  Types  I  and  III  meat  the  specularity  condition  at  F-region  altitudes  and  are 
associated  with  the  1/2 'hop  and  1-1/2  hop  ranges,  while  t,.c  Type  II  specular  scat¬ 
ter  condition  is  clearly  met  in  the  E-region  and  at  rang  »  that  closely  correspond 
to  the  ground  range  coverage. 

3.  The  orthogonal  scatter  points  form  an  upper  boundary  to  the  specular  scatter  for 
Types  I  and  III.  In  general  there  are  no  orthogonalities  associated  with  the  Type 
II. 

The  importance  of  the  Type  I  and  Type  III  scatterers  comes  from  the  fact  that  the 
area  of  the  ionosphe"c  contributing  to  the  back3cattered  energy  is  much  larger  than 
would  be  estimated  >n  the  basin  of  considering  only  the  orthogonal  scatter.  As  will  be 
shown  in  the  next  •■.action,  the  specular  scatter  cross-section  is  as  large  and,  in  fact, 
somewhat  larger  1  hun  the  orthogonal  Scattering  cross-section  and  cannot  be  ignored  with¬ 
out  serious  error.  The  above  ray  tracing  was  used  to  determine  the  distribution  ol 
angles  0  that  contribute  to  the  specular  condition.  Typically  these  angles  range  from 
90°  degrees  (orthogonal)  to  about  75  degrees.  This  indicates  that  the  two  rays  associ¬ 
ated  with  a  specular  scatter  intersection  are  relatively  close  in  takeoff  angle  and  also 
close  to  the  rays  associated  with  orthogonal  scatter  and  the  absorption  losses  and 
ground  reflection  losses  will  differ  from  orthogonal  scatter  by  only  a  6mall  amount. 

In  the  next  section  a  quantitative  approach  will  be  developed  to  estimate  the  scat¬ 
tered  power  using  the  radar  equation. 

3.  BACKSCATTERED  POWER 

To  estimate  the  backscattered  power  from  ionospheric  irregularities  causing  spec¬ 
ular  scatter  we  use  the  radar  equation  and  estimate  the  appropriate  parameters  associ¬ 
ated  with  the  scatter  mechanism. 

The  specular  scatter  contribution  to  the  backscattered  power  is  determined  by  de¬ 
veloping  a  specular  scattering  cross-section  ai(m*)}  where  oi  =  Pi’V,  and  pi(m“l)  is  the 
volumetric  scattering  coefficient  and  V  is  the  volume  Jn  the  ionosphere  that  contributes 
to  a  single  time  delay  (range  gate)  measurement.  For  this  study  it  is  assumed  that, 
using  an  effective  pulBe  width  t,  directly  related  to  the  reciprocal  RF  bandwidth  W,  a 
volume  oan  be  defined  within  which  all  scattering  points  lie  within  a  spatial  distance 
of  ±  t/2  from  each  other  in  the  vertical  plane  and  within  the  receive  antenna  beam  width 
at  a  range  R  in  the  horizontal  plane. 

Simple  geometry  for  a  spherical  earth  yields  for  the  volume  element,  V; 

V  =  (|^)  oosE{Re  arecos  [cob’Cjj— )  +  sin’  (jj— )  cos$g])H 

where  W  =  radio  frequency  bandwidth 
c  =  3  *  10*  m/s 
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E  >  mean  elevation  angle  for  the  t”o  specular  rays 
R#  a  6370  a  10*  m  (radius  of  the  earth) 

R  a  range  to  the  volume  element 
tg  a  half  power  receive  antenna  beamwidth 

and  H  is  the  height  range  over  which  the  contribution  of  scatters  must  be  integrated  for 
a  constant  time  delay.  In  general  H  >>  c/2W  and  this  integration  will  be  carried  out 
over  all  altitudes  where  the  ray  tracing  shows  that  the  specular  condition  is  satisfied 
for  the  selected  time  delay  (see  Figure  3). 

The  volumetric  scattering  coefficient  Pi  is  obtained  using  the  methods  of  Ishimaru 
as  modified  by  Yukon  for  scattering  from  a  spectrum  of  irregularity  sizes  in  the  iono¬ 
sphere  and  assuming,  for  field-aligned  irregularities,  a  power  law  spectrum  in  both  the 
transverse  direction  and  in  the  direction  along  the  magnetic  field. 

Using  the  results  of  Ishimaru,  the  specular  scattering  from  field-aligned  irregu¬ 
larities  gives  for  the  volumetric  cross-section  pi  =  2ir  k'  *t,(k)  where  k  *  2*/X  (the 
magnitude  of  the  wave  vector)  and  *n(k)  is  the  scattering  wavenumber  spectral  density 
function.  For  an  anisotropic  random  medium,  we  have  assumed  a  power  law  spectrum  of  the 
form, 


0.033  C*  (L?  L,|),,/* 

♦  (k)  =  - 2 - 

n  Cl  ♦  k*  Li  ♦  k*  L*3* 

where  Lz  and  Ln  are  the  outer  scale  sizes  of  the  irregular  medium  perpendicular  and  par¬ 
allel  to  the  earth's  magnetic  field,  kj.  and  kz  are  the  projection  of  the  wave  vector 
perpendicular  and  parallel,  respectively,  to  the  earth's  magnetic  field  and  Cj  is  ex¬ 
plained  below. 

Assuming  the  propagation  plane  is  in  the  direction  of  the  magnetic  meridian  and 
only  the  scattering  in  the  specular  direction  68  =  0<  is  considered.  Ishimaru  has  shown 
that  the  structure  constant  Cj  describing  the  intensity  of  the  fluctuations  is  given  by, 

c»  _  1.91  < (An)*> 


where  <An‘>  is  the  mean  square  fluctuation  in  the  refractive  index  of  the  medium. 

Before  putting  all  of  these  terms  together  to  obtain  an  expression  for  the  volu¬ 
metric  scattering  coefficient,  it  is  useful  to  convert  the  mean  square  refractive  index 
fluctuation  into  a  mean  square  electron  density  fluctuation.  This  can  only  be  done  ap¬ 
proximately  using  a  Taylor  expansion  and  the  following  relationship  is  used  here: 

<(An)*>  1  (^)  <($£)‘> 

where  fp  is  the  mean  local  plasma  fraquency,  f  tha  radar  frequency  and  <(AN/N)’>  is  the 
mean  squared  value  of  the  fluctuation  in  slsctron  density. 

The  final  result  then  for  the  volumetric  specular  scattering,  where  the  scattered 
angle  9S  equals  the  incident  angles  0i  and  k*  =  k  *  +  k  * ; 

f  * 

0.4  k"  (y£)  <  (j^)‘  >  (Li  L„) 

1  [1  +  k*  (L^  sin*8^  +  L,,  cos'e^]* 

In  order  to  better  utilize  the  above  equation  it  is  necessary  to  examine  the  magni¬ 
tude  of  some  of  the  terms.  The  outer  scale  sizes  and  Ltl  are  assumed  to  be  of  the 
order  of  10C0  m  with  a  ratio  L,t/Lj.,  depending  on  location,  vary  between  2  and  5.  These 
are  generally  consistent  with  observations  in  the  E  and  F-regions  of  the  ionosphere. 

Using  ray  tracing  to  simulate  the  radar  operation,  for  grsund  coverage  range  of 
2000  to  3000  km,  we  find  that  the  ratio  of  the  operating  frequency  to  the  maximum  plasma 
frequency  in  the  F  region  (we  always  assume  F-mode  propagation)  is  typically  2.5.  This 
means  using  radar  frequencies  of  approximately  6  MHz  at  night  and  15  MHz  during  the  day. 
The  same  ray  tracing  results  in  a  typical  8^  varying  from  90  to  75°  (90°  corresponds  to 
orthogonality). 

Putting  all  these  factors  together,  in  the  denominator  term  in  the  equation  for  p£, 
wa  find  that, 

k*  (L^  sin  8^  +  L*,  cos*  8^)  >> 


1 
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and  tha  aquation  than  becomes , 


fP  * 


0.4  (*£)  <((£)> 


Pi  ■ 


r*  l«  (- 


sin*  6, 


+  ooa*  e^)1 


where  y  *  L*/LA. 

For  tha  special  casa  of  8i  =  90*  a  vary  simple  form  appears  as 


Using  tha  form  of  the  equation  for  Pi  that  involves  8i  we  have  computed  the  back- 
scatter  coefficient  for  three  different  values  of  the  irregularity  scale  term  L„/y* 
which  is  the  same  as  La/y.  In  Figure  5,  in  tha  graph  for  pj_,  the  volumetric  scattering 
coefficient,  the  abscissa  is  the  ratio  of  the  operating  frequency  to  the  local  mean 
plasma  frequency  in  which  the  irregularities  are  embedded  and  we  have  assumed a  fluctua¬ 
tion  intensity  <(AN/N)>j^g  =  0.1  corresponding  to  an  auroral  region  condition.  Since  p£ 
is  proportional  to  the  square  of  the  root  mean  square  fluctuation  intensity  it  is  rela¬ 
tively  simple  to  estimate  the  clutter  power  level  under  other  ionospheric  conditions. 

In  Figure  5  we  see  a  decrease  in  scatterea  power  as  f/fp  and  tha  scale  size  of  the  ir¬ 
regularities  increases. 

Finally,  as  a  test  case  for  backscattered  power,  a  nighttime  ionosphere  was  chosen 
when  auroral  clutter  is  most  likely  to  occur.  The  selected  parameters  are  8$^=  80°, 

L,  =  1.6  km  and  L*.  *  0.4  km.  In  this  case,  a  range  of  fluctuation  intensities  (AK/N)TOS 
are  considered,  from  0.1  for  intense  auroral  activity  to  a  value  of  10”'  for  a  very 
quiet  ionosphere.  Ultimately  the  appropriate  values  must  be  determined  from  independent 
measurements . 

These  data  can  now  be  applied  to  the  radar  equation.  The  model  0TH  radar  consid¬ 
ered  here  has  the  following  system  parameters 

PT  =  1U*  W 

Gt  *  20  dB 

GR  s  24  dB 

f  =  9  MHz 

X  «  33.3  m 

and  a  ground  range  of  2200  km. 

The  ray  tracing  results  indicate  a  typical  elevation  angle  of  15  degrees  and  a  specular 
angle  around  00  degrees.  The  cross-section  results  are  not  very  sensitive  to  the  as¬ 
sumed  outer  scale  sizes  for  the  spectrum  of  irregularities  Lx  and  L,(.  All  ox  these 
values  are  substituted  into  tha  radar  equation  to  determine  the  received  backscattered 
power. 

The  radar  equation  has  the  form: 


PT  Gt  Gr  1»  n1 

(4*)*  R*  L* 


The  choice  for  a *  will  depend  on  the  particular  type  of  clutter;  for  the  specular  scat¬ 
ter  Oi  =  pi  V. 

For  comparison  purposes  the  ground  clutter  and  a  typical  target  return  are  also 
calculated.  For  the  ground  clutter,  the  illuminated  backscatter  area  is  computed  using 
the  same  expression  derived  for  the  volume  scattering  except  for  the  height  integration 
term  H.  The  affective  area  is  obtained  by  multiplying  this  illuminated  area  on  the 
ground  by  a  factor  which  takes  into  account  the  backscatter  reflectivity  from  a  rough 
sea,  i.e.  -23  dB.  Finally  for  the  target  calculation  a  constant  cross-section  of  25 
dBsm  is  used. 


The  signal-to-aoist  ratio  (SNR)  is  defined  as  the  ratio  of  the  received  power  from 
any  source,  i.e.  ionospheric  clutter,  sea  clutter  or  target  signal  to  the  atmospheric 
noise  level  at  the  selected  frequency.  These  results  for  signal  and  noise  power  are 
presented  in  Figure  6  using  a  value  for  the  atmospheric  noise  of  -169  dBW  in  a  1  Hz  post 
processing  bendwidth.  The  received  power  is  computed  for  a  value  of  f/fp  =  6,  i.e.  the 
mean  plasma  frequency  in  the  auroral  E-layer  was  assumed  to  be  1.5  MHz.  The  abscissa  is 
the  variation  of  AN/N  from  10~4  to  10”' . 
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4.  CONCLUSIONS 

Although  the  curves  presented  in  Figure  6  depend  on  the  system  parameters  selected, 
it  ia  clear  that  as  the  intensity  of  the  fluctuations  in  electron  density  increases, 
the  multiplicative  noise  level  associated  with  specular  scatter  increases  until  it  ex¬ 
ceeds  target  signals  at  the  range  of  the  targets. 

An  OTH  radar  systea  with  narrow  haaawidtha  and  pulas  widths  can  reduce  the  magni¬ 
tude  of  specular  clutter  and  improve  the  target-to-noise  ratio  ova-  *  wide  range  of  the 
level  of  irregularity  intensity. 

Any  experiments  aimed  at  the  study  of  auroral  beekseatter  must  also  include  these 
specular  scatter  processes  in  crder  to  correctly  interpret  the  cross-section  associated 
with  these  irregularities.  Consideration  of  this  new  scattering  process  has  resulted  in 
a  wider  distribution,  in  range  and  altitude  of  HF  baekaeatter  clutter,  wider  than  is 
permitted  when  only  orthogonality  clutter  is  considered.  This  new  modal  has  resulted  in 
scattering  characteristics  that  agree  better  with  radar  observations.  It  can  be  used  to 
estimate  the  performance  of  any  HF  radar  system  under  a  variety  of  ionospheric  condi¬ 
tions  from  intense  auroral  irregularities  to  a  relatively  quiet,  smooth  ionosphere.  It 
is  easy  to  show  that  the  optimum  radar  design  reduces  the  multiplicative  noise  caused  by 
specular  scatter  to  a  level  at  or  near  the  atmospheric  noise  level.  Certainly  higher 
transmitter  power  does  not  solve  the  problem  of  detection  in  the  presence  of  multipli¬ 
cative  noise  once  this  specular  clutter  noise  reaches  the  level  of  the  atmospheric 
noise. 

Further  measurements  are  required  to  estimate  the  actual  level  of  electron  density 
fluctuation  associated  with  the  typical  mid-latitude  and  high  latitude  ionospheres 
under  quiet  and  disturbed  conditions. 


2-D  ray  tracing  showing  ground  coverage,  1/2  hop  and  1-1/2  hop  orthogonality 
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Geometry  of  specular  scatter  from  a  field-aligned  ellipsoidal  irregularity. 
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Schematic  diagram  shewing  Type  I,  II  and  III  specular  scatter  regions. 
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Location  of  specular  scatter  points  using  J-D  ray  tracing. 
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Volumetric  scattering  coefficient  as  a  function  of  radar  frequency  relative 
to  the  local  plasma  frequency. 
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SUMMARY 

The  orbiting  HILat  aatelllte  launched  by  the  Defense  Nuclaar  Agency  In  1983 
offered  a  unique  opportunity  for  studying  the  ionoapharlc  scintillation  parameters  in 
relation  to  the  in-altu  measurements  of  ionisation  density,  drift  velocity, 
field-aligned  current,  and  particle  precipitation  during  the  sunspot  minimum  period. 
This  paper  discusses  the  results  of  such  a  aorphological  study  performed  by  the  Air 
Force  Geophysics  Laboratory  based  on  their  observations  at  the  auroral  oval  station  of 
Troaso,  Norway.  The  dynamics  of  the  spttial  and  teaporal  extent  of  this  region  are 
illustrated  in  the  Invariant  latltude/r  ignetic  local  time  grid.  The  geometrical 
enhancement  of  scintillations  observed  during  the  alignment  of  the  propagation  path 
with  the  local  magnetic  L-shell  Is  showi  to  be  the  most  consistent  and  conspicuous 
feature  of  scintillations  in  the  nighttime  auroral  oval.  The  steepening  of  phase 
spectral  slope  in  this  region  is  indicative  of  the  presence  of  L-ahell  aligned 
sheet-like  irregularities  at  long  scale  . engtha.  The  seasonal  variation  of  total 
electron  content  (TEC)  determined  from  the  differential  Doppler  measurements  of  HILat 
transmissions  is  discussed  in  relation  to  the  in-situ  density  measurements  at  830  km. 
The  results  are  also  utilised  to  llluatra  e  the  dependence  of  ionospheric  structure 
parameters  on  short-term  variability  of  stlar  activity  during  the  sunspot  minimum 
period.  Special  effort  is  made  to  illustrate  that  the  joint  study  of  scintillation/TEC 
and  in-situ  parameters  provides  an  insight  into  the  nature  of  magnetospheric  coupling 
with  the  high  latitude  ionosphere. 


INTRODUCTION 

3 

A  wide  variety  of  C  I  systems  suffers  degradation  in  performance  due  to  phase  and 
intensity  scintillations  imposed  by  the  ionospheric  irregularities  of  electron  density. 
There  is  a  great  deal  of  interest  in  undersea iding  the  development  of  such 
irregularities  at  high  latitudes  where  the  ionosphere  is  often  strongly  coupled  with 
the  magnetosphere.  In  such  ar.  environment  the  distant  magnetosphere  serves  to  activate 
different  sources  of  free  energy,  e.g.,  electron  precipitation,  field  aligned  currents, 
electric  fields,  etc.,  that  control  the  formation  of  ionospheric  irregularities.  No 
longer  is  it  possible  to  pursue  a  stud/  of  the  irregularity  development  in  the  local 
ionospheric  environment  without  considering  the  coupling  between  the  ionosphere  and  the 
magnetosphere.  This  approach  ia  particularly  iseful  in  extrapolating  our  knowledge  of 
the  natural  ionospheric  irregularity  structures  to  problems  related  to  the  structuring 
of  artificially  injected  plasma  clouds  in  the  high  latitude  ionosphere. 

In  an  effort  to  pursue  a  study  of  plasma  s.ructuring  in  the  above  context,  the 
efenae  Nuclear  Agency  (DNA)  launched,  on  27  Ju le  1983,  the  HiLat  satellite  in  a 
-lrcular  830-km  orbit  at  82°  inclination  (Fremouw  et  al.,  1985).  The  satellite 
transmits  coherent  signals  at  137,  390,  413,  anti  436  MHz  and  the  phase  reference  signal 
t  1239  HHz  to  measure  complex  signal  scintillation  and  total  electron  content  (TEC). 

.i  also  carries  a  variety  of  in-situ  probea  pro\iding  measurements  of  ion  density,  ion 
drift,  energetic  electron  precipitation,  field  aligned  currents,  and  emissions  at  two 
visible  wavelengths.  All  instruments  except  th<  Langmuir  probe,  the  vacuum-ultraviolet 
imager  and  a  part  of  the  magnetometer  continue  to  operate  reliably.  The  major 
objective  of  the  HiLat  satellite  program  is  to  provide  a  quantitative  specif iciation  of 
high  latitude  scintillation  strength  and,  in  particular,  the  tempcral  and  spatial 
spectra  of  intensity  and  phase  fluctuations  and  the  shape  of  the  irregularity 
structures.  These  parameters  provided  by  the  radio  beacon  experiments  are  supported  by 
the  simultaneous  in-situ  data  that  define  the  background  ionospheric  processea.  The 
morphology  of  ionospheric  structures  and  magnetospheric  control  thereof  derived 
primarily  from  HiLat  observations  at  Sondrestrom,  Greenland  have  been  enumerated  by 
Vickrey  et  al.  (1985). 

In  this  paper  we  shall  concentrate  on  the  HiLat  satellite  observations  performed 
by  the  Air  Force  Geophysics  Laboratory  at  Tromsc ,  Norway  during  the  1984-1985  period. 
The  station  is  1  cated  in  the  central  part  of  the  auroral  oval  during  the  nighttime 
under  magnetically  quiet  conditions  as  defined  ly  the  planetsry  magnetic  index 
Kp  <  3.5,  We  shall  study  the  strength  and  the  structure  specifications  of  complex 
signal  scintillations  in  the  spatial  and  temporal  frames  of  invariant  latitude  and 
magnetic  local  time.  These  distributions  will  then  be  examined  in  the  context  of 
in-situ  plasma  structures  observed  by  the  HiLat  satellite  in  this  environment  and  the 
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theoretical  predictions  of  atrueturas  that  characteristically  develop  In  thia  ration 
through  gradient  drift  and  Kelvin  Halaholta  instability  procaaaaa, 

RESULT? 

In  thia  aactlon  we  ahall  flrat  llluatrata  tha  apaca  tine  variation*  of  tha 
atatlatleal  parameters  that  daflna  tha  coaplax  scintillation  aagnltude*  and  thalr 
atructura.  In  ordar  to  avoid  tha  effects  of  au.ltlpath  propagation,  tho  data  acquired 
above  a  aatelllte  elevation  ang'a  of  20°  vara  uaad  in  tha  study.  Thla  provided  a 
aaxlaua  latitude  coverage  of  abtut  t7°  at  an  lonoaphoric  height  of  3S0  ka  around  tha 
atatlon.  Due  to  pracaaalon  of  tie  HiLat  orbit  to  earlier  tiaaa  each  dap,  a  full 
coverage  in  local  tlaa  la  alao  obtained  over  a  aaaaon  (l.e.,  3  aontha)  when  tha 
aacending  and  daacandlng  noda  paaaea  are  coabinad. 

The  top  and  bottoa  panala  of  Figure  1(a)  llluatrata  tha  raa  phaae  deviation  of 
137  MHt  scintillation  for  winter  <983  (atart  of  obaervationa  in  Deceaber  1983  to 
January  1984)  and  summer  1984  (May-July,  1984)  reapactlvaly  for  Kp  <  3.3.  The  raa 
phase  deviation  la  Conputed  over  a  30-aacond  data  Interval.  Since  the  projected  scan 
velocity  of  the  satellite  la  3  km/tec  at  3S0  ka,  tha  data  interval  covers  irregularity 
acale  aisaa  aa  large  as  90  ka.  Tht  data  are  binned  In  2, S'’  latitude  and  1  hour  tlaa 
Intervals  and  tha  aedian  values  for  each  bin  ara  indicated  in  the  diagraa.  Each  bln 
contains  at  least  ten  data  points.  The  tic  aarka  along  tha  noon-aldnight  and  the 
dawn-dusk  aerldlana  indicate  10°  Intervals  batwaan  30-90°  Invariant  latitudes  (to  be 
denoted  aa  A).  The  sharp  increase  in  raa  phase  deviation  exceeding  S  radians  over  a 
narrow  latitude  swath  (65-67. 3°A)  bttwaan  the  pre-aidnlght  and  dawn  periods  is  tha 
aost  conspicuous  feature  of  both  distress.  Thia  region  of  anhanceaant  corresponds  to 
tha  location  where  tha  alignaent  of  the  ray  path  with  tha  aagnatic  L-shall  occurs  (Rlno 
at  al.,  1978).  This  region  also  coincides  with  tha  location  of  tha  diffuse  aurora 
which  la  tha  aaat  of  density  irregularities.  As  we  ahall  show  later  tha  region  has 
enhanced  total  electron  content  (TEC)  on  a  statistical  basis  due  to  the  occurrence  of 
plaaas  density  blobs.  Thus  a  coabina  :ion  of  high  irregularity  aaplltude,  increased  TEC 
and  geometrical  factors  contribute  to  the  pronounced  increase  of  phase  scintillations. 
Coaparing  the  top  and  bottoa  panels  oi  Figure  1(a)  tha  aagnltude  of  phase 

scintillations  during  winter  la  found  to  be  larger  than  suaaar,  Thla  aay  appear  to  be 

soaewhat  intriguing  because  the  TEC  (to  be  shown  later)  was  higher  in  summer.  This 
leads  us  to  conclude  that  the  irregularities  are  probably  leas  preponderant  during 
summer  in  the  presence  of  enhanced  ionisation  of  the  underlying  E-region. 

The  top  and  bottom  panels  of  Figure  1(b)  show  tha  behavior  of  rms  phase  deviation 
at  137  MFx  during  February-April  and  Auguat-October ,  1984.  The  nighttime  enhancement 
of  phaae  deviation  between  65  -67.5  A  is  again  observed.  The  larger  phaae  deviation 
observed  during  the  vernal  equinox  can  be  related  to  increased  solar  activity  during 
this  period  as  will  be  shown  in  a  subsequent  diagram. 

The  remaining  results  will  be  presented  in  a  different  format  and  will  indicate 
the  variations  of  the  statistical  parameters  with  Invariant  latitude  in  the  midnight 
and  noon  time  periods  only.  These  are  basically  obtained  from  a  noon-midnight  cut 
through  the  dial  plots  shown  in  Figures  1(a)  and  1(b).  When  the  number  of  data  points 

in  a  particular  bin  over  the  noon-midnight  sector  fall  below  ten,  the  values  are 

extrapolated  from  an  adjacent  time  sector.  Figure  2  shows  such  a  plot  for  rms  phase 
deviation  obtained  during  1984  and  1985.  This  figure  illustrates  an  overall  decrease 
of  scintillations  in  1985  due  to  decreased  solar  activit,. 

The  Intensity  scintillation  magnitudes  have  been  expressed  in  terms  of  the 
standard  Sg  index,  defined  as  the  normalised  variance  of  signal  Intensity  (Briggs  and 
Parkin,  1963).  Figure  3  shows  the  variation  of  S.  index  at  137  MHs  with  invariant 
latitude  during  noon  and  midnight  observed  during'1984  and  1985,  The  nighttime 
enhancements  of  Si  index  in  the  region  of  alignaant  of  the  ray  path  with  tne  aagnatic 
L-shell  (65°-67.5°A)  is  observed  to  be  much  less  pronounced  when  it  is  compared  to  o$ 
enhancements  ahovu  in  Figure  2,  This  indicates  that  the  L-shell  alignment  of  ka-scale 
irregularities  causing  intensity  scintillations  is  considerably  less  than  the 
irregularities  in  the  tens  of  kilometers  scale  that  control  the  values.  The 
nighttime  scintillation  magnitudes  during  February-April,  1984  are  again  higher  than 
that  during  August-October ,  1984  due  to  enhanced  solar  activity. 

In  Figure  4,  we  show  the  behavior  of  power  law  spectral  index,  pq,  for  phase 
scintillations  at  137  NHx  during  1984  and  1985.  A  linear  least  square  fit  to  the  phase 
spectrum  indicating  the  variation  of  the  logarithm  of  power  spectral  density  (psd)  with 
the  logarithm  of  frequency  is  obtained  over  the  frequency  interval  of  0.2  Hx  to  10  Hx. 
The  beat-fit  line  provides  p$  as  it  defines  the  dependence  of  psd  on  frequency  f  as 
psd  «  f"4.  Considering  the  scan  velocity  of  the  ray  path  through  the  F-region,  the  fit 
range  0.2  Hx  to  10  Hx  corresponds  to  the  scale  sise  regime  of  about  15  ka  to  300  a. 

Thia  regime  encoapasses  tha  dominant  structures  that  cause  phase  and  intansity 
scintillation*  at  VHF  and  UIIF  over  the  observing  data  interval.  From  Figure  4,  it  aay 
be  noted  that  the  phase  spectral  index  is  laast  affected  by  the  propagation  geoaetry 
and  does  not  show  significant  variations  with  season  and  aolar  activity  in  contrast  to 
the  behavior  of  S.  and  o^.  There  exists,  however,  a  tendency  for  p,  to  increase  around 
65°A,  during  the  nighttime.  Since  this  location  corresponds  to  theraverage  location  of 
the  diffuse  aurura,  the  associated  E-region  conductivity  may  account  for  dumping  the 
short  acale  irregularities  and  causing  the  phase  spectrua  to  steepen  (Vickrey  and 
Kelley,  1982).  Thia  steepening  aay  also  arise  from  increased  psd  at  larger  scales  in 
the  geometrical  enhancement  region  due  to  better  L-shell  alignment  of  large  scale 
Irregularities  as  noted  in  connection  with  the  increased  in  coaparlson  with  S, .  The 
enhancements  of  p^  are,  however,  saooth  and  distributed  in  contrast  to  the  sharp' 

?eometrical  enhancaaenta  of  <?q.  Probably,  ths  spectral  steepening  arises  from  an 
nterplay  of  both  geophysical  and  gaoaetrical  effects. 
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The  comb  of  thro*  tlHF  transmissions  froa  HiLat  la  uaed  to  derive  tha  total 
•  lactron  contant  of  tha  lonoaphara  op  to  tha  aatallita  altltuda  of  830  km  by  tha 
dlf farantial  Doppler  tachnlqua  (Fremouw  at  al.t  1978).  Figure  5  shows  tha  latituda 
variation  of  medlar.  TEC  valuaa  during  tha  noon  and  aldnlght  for  dlffarant  aaaaona.  Tha 
naxt  dlagraa,  Flgura  6,  ahowa  tha  obaarvad  variation  of  noontlna  TEC  In  ralatlon  to  tha 
aunapot  nuabar.  Tha  effects  of  tha  aolar  activity  and  aaaaon  on  TEC  appaar  to  ba 
couplad.  At  high  latltudaa.  owing  to  tha  naar  vartlcal  orlantatlon  of  tha  aarth'a 
aagnatlc  flald,  tha  lonoapharlc  irragularltlaa  of  alactron  density  at  F-raglon  halght 
ara  usually  axtandad  In  altltuda.  Tha  lntagratad  affect  of  tha  Irragularltlaa  on  radio 
wave  propagation,  auch  aa  aclntlllatlon,  la  tharafora,  walghtad  by  tha  total  alactron 
contant  of  tha  lonoaphara.  Thus  mauauraaanta  of  lrragularlty  aaplituda,  AN/N  (AN  being 
tha  rms  alactron  danaity  fluctuation  and  N  the  background  density),  and  total  alactron 
contant  aay  forn  tha  basis  for  a  modeling  of  scintillation  magnitudes. 

Anong  tha  various  in-sltu  parameters  probed  by  tha  aatallita  borne  sensors,  the 
ln-sltu  ion-density  naasurunant  la  an  lnportant  paraaatar.  In  tha  F-raglon,  due  to 
charge  neutrality,  tha  electron  and  Ion  denaitiaa  ara  equal.  Figure  7  ahowa  tha 
variation  of  this  paraaatar  with  latitude  in  tha  noon-aidnight  tiaa  fraaa  aa  a  function 
of  aaoson  in  198A  and  1983  during  aagnatlcally  quiat  conditions.  Tha  Ion  density  at 
830  ka  la  obaarvad  to  follow  closely  the  pattern  of  TEC  variations  shown  aarliar  In 
Figure  3.  The  ion  density  variations  ara  also  controlled  by  both  solar  activity  and 
season. 

Although  we  did  not  Illustrate  the  variation  of  scintillations  and  background 
Ionospheric  paraaeters  with  aagnatlc  activity,  It  should  ba  eaphaslted  that  the 
aagnatlc  activity  In  addition  to  sunspot  nuaber  exarts  overwhelming  control  of 
acintlllat Iona  at  high  latitudes  (Basu  and  Aarons,  1980;  Basu  at  al.,  1985).  Our  NiLat 
observations  Indicate  that  during  aagnatlcally  active  conditions  scintillation 
magnitudes  are  enhanced  during  the  nlghttlna  and  the  region  of  enhanced  activity 
extends  both  in  tha  poleward  and  the  equatorward  directions.  Irrespective  of  the  level 
of  solar  activity,  scintillations  are  enhanced  during  magnetic  disturbances. 

DISCUSSIONS 

We  have  shown  that  tha  moat  notable  feature  in  the  observed  scintillation 
morphology  at  this  auroral  station  even  under  magnetically  quiet  to  under  a  conditions 
is  the  enhancement  of  scintillations  over  a  narrow  latitude  interval  centered  at  65°A 
in  the  nighttime  sector.  This  narrow  hand  increase  of  scintillations  coincides  with 
the  expected  region  of  geometrical  enhancement  due  to  the  alignment  of  the  ray  path 
with  the  magnetic  L-shell  oriented  irregularities.  It  is  interesting  to  note  that  the 
boundary  blobs  which  signify  plasma  density  enhancements  also  occur  in  this  region 
(Rino  et  al.,  1983),  The  spatial  configuration  of  the  blobs  is  controlled  by  the  high 
latitude  convection  pattern  which  is  mostly  E-V  in  the  auroral  region  (Heells  et  al.,, 
1982),  Robinson  et  al .  (1985)  have  shown  with  the  help  of  simulation  studies  that  even 
a  primarily  circular  patch  of  ionisation  being  convected  in  from  the  polar  cap  would 
assume  a  narrow  in  latitude  and  elongated  in  longitude  shape.  These  blobs  can  also 
develop  small  scale  irregularities  on  their  trailing  edges  through  ExS  instability 
mechanisms.  In  general,  tha  plasma  blobs  transported  from  distent  regions  get 
continually  structured  in  the  convection  field  and  contribute  a  major  source  of 
nighttime  auroral  scintillations. 

The  other  notable  finding  related  to  the  scintillation  structure  is  the  steep 
phase  spectral  slopea  observed  in  the  region  of  geometrical  enhancement.  This  region 
coincides  with  the  central  part  of  the  diffuae  aurora  under  magnetically  quiet 
conditions  as  has  been  recently  shown  by  Hardy  et  al.,  (1985)  from  DMSP  satellite 
observations.  Unlike  the  limited  HiLat  satellite  data  base  of  particle  precipitation 
the  DMSP  satellites  have  provided  a  very  large  amount  of  date  which  have  been  organized 
by  Hardy  et  al.  to  show  the  characteristic  variations  of  particle  precipitation  with 
magnetic  activity.  The  average  energy  of  the  particle  precipitation  in  the  diffuse 
auroral  region  ia  on  the  order  of  a  few  kvV  which  is  sufficient  to  produce  a  conducting 
E-region,  This  could  reduce  the  lifetime  of  small  scale  irregularities  ('vlOO  a)  and 
contribute  to  the  observed  steepening  of  the  phase  spectral  indices.  Basu  et  al. 

(1984)  have  illustrated  auch  steepening  of  in-situ  density  spectra  in  regions  of 
energetic  auroral  particle  precipitation. 

The  structures  present  in  the  in-aitu  ion  density  probed  by  the  HiLat  satellite 
hove  recently  been  investigated  (Weiner  1987).  This  study  indicates  that 
plasms  density  blobs  at  830  km  are  concentrated  over  a  fairly  narrow  latitude  interval. 
This  region  whon  mapped  down  the  magnetic  field  line  corresponds  approximately  with  the 
region  of  enhanced  scintillations.  These  results  indicate  that,  on  a  statistical 
basis,  the  blobs  in  addition  to  their  E-W  extent  are  also  extended  along  the  magnetic 
field  lines  to  the  topside  ionosphere.  The  altitude  profiles  of  the  blobs  have  been 
published  earlier  using  Incoherent  scatter  radar  measurements  (Vickrey  et  al.,  1980). 

The  extension  of  blobs  to  altitudes  as  high  ss  830  km  indicates  that 
magnntospherlc  coupling  effects  need  to  be  included  in  the  analysis  of  high  latitude 
F-layer  instabilities.  The  inclusion  of  ion-inertia  in  the  1x5  instability  theories 
results  in  a  reduction  of  growth  ratvs  and  generation  of  irregularities  with  spectral 
isotropy  (Mitchell  et  al.,  1985).  In  the  non-inertial  domain  the  irregularity  spectrs 
become  anisotropic  in  the  north-south  and  the  east-west  directions.  Thus,  the 
irregularity  spectral  Indices  are  expected  to  be  different  in  the  north-south  and 
east-west  directions  in  the  non-inertial  case  and  identical  for  the  inertial  case.  At 
Tromso,  in  addition  to  making  HiLat  observations  that  provide  a  north-south  scan 
through  the  ionosphere,  we  have  performed  scintillation  observations  with 
near-stationary  polar  beacon  satellites  which  provide  an  east-west  scan  controlled  by 
ionospheric  motion.  The  spectral  Indices  of  both  sets  of  measurements  are  found  to  be 


approximately  equal  indicating  that  the  inertial  effects  are  important  in  the 
generation  of  kilometer  acale  irregularities  at  high  latitudes  which  cauae  VHF 
acintillationa. 

Another  type  of  auroral  irregularity  not  aaeoeiated  with  large  acale  organised 
daaaity  gradient*  (such  aa  to  be  found  on  the  adgea  of  bloba)  but  eaaocieted  with 
velocity  shears  with  shear  gradient  acale  lengths  ~  10  km  has  bean  Identified  from  Hilat 
observations  (Base  at  al,,  1986).  These  irregularities,  having  conaldarebla  pad  at  the 
aitorter  scales,  can  cause  intense  VHF  acintillationa  at  the  edges  of  auroril  arcs  in 
association  with  upward  field  aligned  currents.  In  view  of  the  well-known  teaporal  end 
apatiel  variability  of  auroral  area,  the  signature  of  such  velocity  shears  will  be 
difficult  to  Identify  in  a  atatiatlcal  study  of  auroral  scintillations. 
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ROUND  TABLE  DISCUSSION 

The  participants  were  given  the  following  questions  to  think  about 
beforehand  and  were  asked  to  bring  their  thoughts  to  the  Round  Table 
Discussion, 

1.  The  study  of  wave  propagation  in  randon  media  can  generally  be 
classified  into  three  kinds:  random  continuum,  rough  surface 
scattering  and  random  discrete  scatter.  Over  the  years,  each  class 
has  been  developed  more  or  less  independently.  Among  these  three 
classes  of  problems,  what  are  the  similarities  and  differences  either 
in  theoretical  methods  or  analysis  or  observed  physical  phenomena? 

2.  What  is  the  current  status  of  theoretical  development  in  this  area? 

(a)  Should  we  be  satisfied  with  the  correlation  analysis?  Are  there 
needs  to  go  to  higher  moments?  How  about  distribution  functions? 

(b)  What  are  the  relative  advantages  and  disadvantages  of  analytic 
methods,  numerical  methods  and  Monte  Carlo  simulations? 

(c)  How  would  you  compare  a  theory  based  on  first  principals  vs.  one 
developed  phenomenologically? 

3.  What  experiments  should  be  conducted? 

(a)  Under  laboratory  controlled  conditions? 

(b)  Multisensors  under  natural  conditions? 

(c)  Applications  and  inverse  problems? 

4.  System  considerations. 

(a)  Characterization  and  modeling  of  fading  channels. 

(b)  What  is  the  role  of  simulators? 

(c)  What  is  the  impact  on  system  design? 

3.  Future  directions. 


In  about  one  hour  allocated  to  this  part  of  the  program,  comments  were 
made  by  a  number  of  people,  including:  I.  M.  Besieris,  L.  Boithias,  J.  A. 
DeSanto,  W.  A.  Flood,  C.  Goutelard,  A.  Ishimaru,  R.  Miller,  K.  A.  O'Donnell, 

J.  F.  Patricio,  etc.  These  comments  were  expressed  individually;  they  do  not 
necessarily  reflect  the  collective  sentiments  of  all  the  participants  at  the 
meeting. 

•  The  three  classes  of  random  media:  random  continuum,  rough  surface 

and  discrete  scatterers,  require  the  development  of  specific 
techniques  to  deal  with  them  separately. 

•  In  treating  continuous  random  media,  promises  have  been  shown  in 

using  path  integral  techniques  when  applied  to  large  fluctuations  and 
self-similar  thechniques  when  applied  to  a  deep  screen. 

•  In  the  study  of  discrete  scattering,  more  work  is  needed  on 

backscattering  enhancement,  especially  in  higher  moments  and  on 
mulciscale  problems  especially  when  the  fluctuation  scale  is  of  the 
order  of  a  wavelength. 

•  Further  studies  are  needed  in  dealing  with  a  medium  which  is  a 

mixture  of  the  three  kinds  just  described.  One  example  is  a  medium 
consisting  of  particles  in  a  turbulence;  another  is  a  rough  surface 
created  by  the  boundary  of  discrete  scattererB. 

•  In  radar  applications,  e.g. ,  ground  clutter,  there  is  need  to  know 

Che  higher  moments,  such  as  intensity  fluctuations.  The  distribution 
function  is  also  of  Interest,  although  details  cannot  be  determined 
uniquely  in  general,  by  e  few  moments.  Here  models  may  be  useful. 

Use  has  been  made  of  K-distributions  or  any  other  models  generated  by 
self -similar  arguments. 

•  In  certain  applications,  the  statistical  properties  of  the  medium 

are  neither  homogeneous  nor  stationary.  In  a  weakly  inhomogeneous  or 
weakly  nonstationary  medium,  the  structure  function  has  been  found 
useful.  For  some  problems,  the  inhomogeneity  can  be  characterized  by 


a  structure  constant  as  a  product  oi  two  functions:  one  depending  on 
the  center  of  gravity  coordinates  and  one  depending  on  the  difference 
coordinates. 

•  The  mo-wave  experiments  carried  out  at  Flatville,  Illinois,  were 

very  unique  because  of  the  availability  of  radio  data  and  atmospheric 
data.  Currently,  the  data  base  is  being  used  in  turbulence  studies 
and  boundary  layer  meteorology.  It  appears  that  mm-waves  at  95  GHz 
can  offer  path-averaged  measurements  for  estimating  the  momentum 
transfer  in  a  boundary  layer.  The  data  base  is  available  to  anyone 
wishing  to  use  it  by  writing  to  S.  F.  Clifford,  Wave  Propagation 
Laboratory,  NOAA,  Boulder,  CO  80303,  USA. 

•  In  spite  of  limitations  and  difficulties  in  characterising  rough 

surfaces  in  a  laboratory  setup,  laboratory-controlled  experiments  are 
far  better  for  checking  the  accuracy  of  theoretical  models.  At  the 
present  time,  there  seems  to  exist  a  wide  gap,  in  some  cases,  between 
theory  and  observations.  It  is  Important  to  know  in  what  direction 
we  must  go  in  order  to  bring  them  into  agreement. 
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